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1 | INTRODUCTION

Valentin Couvreur> |

Mathieu Javaux'-? | Daniel Leitner' |

| Harry Vereecken'

Abstract

Water uptake by plant roots is an important component of the soil water balance.
Predicting to what extent potential transpiration from the canopy, that is, transpira-
tion demand, can be met by supply of water from the soil through the root system
is crucial to simulate the actual transpiration and assess vegetation water stress. In
models that simulate the dynamics of vertical soil water content profiles as a function
of water fluxes and soil water potential gradients, the root water uptake (RWU) dis-
tribution is represented by macroscopic sink terms. We present RWU functions that
calculate sink terms based on a mechanistic model of water flow in the soil-root sys-
tem. Based on soil-root hydraulics, we define a-supply functions representing the
maximal uptake by the root system from a certain soil depth when the root collar
water potential equals the wilting point, o-supply factors representing the maximal
supply from the entire root system, and a critical w,. factor representing the potential
transpiration demand. These functions and factors are subsequently used to calculate
RWU distributions directly from potential transpiration or demand and the soil water
potentials. Unlike currently used approaches, which define a-stress functions and @
factors representing ratios of actual uptake to uptake demand, the supply-based for-
mulations can be derived directly from soil and root hydraulic properties and can
represent processes like root hydraulic redistribution and hydraulic lift.

which CO, can enter, that is, stomata, RWU is also linked to
assimilation of carbon by plants and plant growth. When water

Root water uptake (RWU) is an important component of the
soil water balance. Because evaporation of water is related to
consumption of heat, soil water extracted by roots and trans-
ported to leaves where it is transpired plays an important role
in the land surface energy balance. Because water leaves the
plant via the same openings in the leaves as the ones through

Abbreviations: nrld, normalized root length density; rld, root length
density; RWU, root water uptake; SUF, standard uptake fraction.

cannot be taken up at a sufficiently high rate by the roots from
the soil to meet the evaporative demand, stomata close, reduce
the water loss, and avoid plants to desiccate. The maximal sup-
ply rate of water from the soil to the plant can be defined as
the flow of water from the soil toward the leaves when the
leaf water potential reaches a critical minimal water potential
at which stomata close. This maximal supply rate depends on
the soil water potential, the hydraulic conductivity of the soil,
hydraulic conductivities of root segments and the shoot, and
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the architecture of the root system. Accurately predicting this
maximal supply rate and its dependence on soil and root prop-
erties and the soil water content in the root zone is therefore
important for predicting water, heat, and carbon fluxes in the
soil-plant—atmosphere system.

The most complete models that simulate these relations
consider the 3D architecture of the root system, the resistances
or conductances of individual root segments (Doussan et al.,
1998; Javaux et al., 2008), and the soil around the root seg-
ments, the perirhizal zone (Khare et al., 2022; Schroder et al.,
2009). We upscaled these models to 1D models that calcu-
late RWU from horizontal soil layers (Vanderborght et al.,
2023). However, RWU rates need to be calculated iteratively
since soil resistances depend nonlinearly on water potentials
in the bulk soil and at the soil-root interface and since soil—
root interface water potentials depend on RWU rates. When
changes in soil water content and soil water potential over
time are simulated using Richard’s equation-based models,
this calculation needs to be performed for each time step that
the equation is solved numerically, requiring much comput-
ing time. An important challenge is thus to develop physically
based or mechanistic functions that calculate actual transpi-
ration and RWU directly from bulk soil water potentials and
potential transpiration, avoiding iterative procedures.

A number of approaches have been developed to calcu-
late RWU directly from soil water potentials and potential
transpiration (Skaggs et al., 2006). These approaches do not
explicitly consider water flow in the plant and plant water
potentials and are called macroscopic soil water uptake func-
tions. One of the approaches uses so-called a-stress functions
that express the ratio of the actual RWU from a certain soil
depth to the potential uptake as a function of the soil water
matric potential at that depth and the potential transpiration
(Feddes & Raats, 2004; Feddes et al., 1978). This approach
has been implemented in several soil water balance models,
for example, Hydrus (Siminek et al., 2016) and SWAP (Kroes
etal., 2017; van Dam et al., 2008). The a-stress functions have
been parameterized for different plants or crop types. How-
ever, under dry soil conditions, also the resistance to flow
from the bulk soil to the soil root interface plays an impor-
tant role and should be considered. Due to the nonlinearity of
the relation between soil hydraulic conductivity and soil water
matric potential, the a-stress functions are nonlinear functions
of the soil water matric potential and depend on soil proper-
ties and potential transpiration (de Jong van Lier et al., 2013;
Javaux et al., 2013).

However, stress functions that represent the reduction in
RWU compared to the potential RWU or RWU demand at
a certain depth can be calculated as a unique function of the
soil water potential only when it is assumed that the soil water
potential in the root zone is uniform. If water potentials vary
with depth in the root zone, then the water potential within
the root system at a certain depth depends on the water poten-
tials in the soil at other depths since the root system connects

Core Ideas

* Functions to calculate root water uptake (RWU)
from different soil depths were derived.

* RWU is calculated directly using soil water poten-
tials and the potential transpiration rate.

e The functions are derived using soil and root
hydraulic properties.

* Phenomena like RWU compensation, hydraulic
redistribution, and hydraulic lift are reproduced.

* Similarities and differences with currently used
uptake functions are discussed.

these depths. The uptake from a certain soil depth therefore
also depends on soil water potentials at other depths, which
leads to so-called RWU compensation. To represent nonlo-
cal effects and compensation on RWU in empirical models,
it has been proposed to modulate the local water uptake by
the root length density (rld) weighted average of the a-stress
factor in the root zone, the so-called w factor, and divide the
local uptake that is calculated from the a-stress function by
this root system scale stress factor @ (Jarvis, 1989; Simunek
& Hopmans, 2009). As long as the root system stress factor is
larger than a critical stress factor w,., the total uptake from the
root system stays equal to the potential transpiration. When
the root system scale stress factor w is smaller than w,, the
uptake calculated by the a-stress function is divided by w,
and the root system uptake becomes smaller than the poten-
tial uptake. Since no explicit relation between flow in the root
system and the modulation of the RWU is considered, there
is considerable conceptual uncertainty about using this mod-
ulation approach to represent RWU compensation. First, the
link of RWU modulation to the water stress functions implies
that RWU compensation only occurs when somewhere in the
root zone RWU demand cannot be met by the supply from the
soil. However, also in wet soils there can be a considerable
shift of RWU to parts of the root zone where water poten-
tials are higher even when the uptake from parts where the
water potentials are lower is not limited by the supply (Javaux
etal., 2013). A second problem with RWU modulation using
a root system stress factor w is that @ is only defined when
plants take up water. As a consequence, the approach cannot
be used to simulate phenomena like hydraulic redistribution
or hydraulic lift, which refer to water transfer via the root sys-
tem from wetter to drier zones and occur especially at night
when RWU is low or equal to zero.

The objective of this paper is to develop macroscopic RWU
functions from mechanistic RWU models that describe water
flow in the soil-root system mechanistically. By making links
to physically based models, (i) parameters of the macro-
scopic functions can be inferred directly from root and soil
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system properties, (ii) the conceptual basis of macroscopic
functions to describe RWU when there is no water stress is
improved, and (iii) mechanistic RWU models can be replaced
by macroscopic RWU functions, which reduces computation
time.

We start with presenting a mechanistic RWU model that
is an upscaled version of a three-dimensional (3D) soil and
root system flow model. Subsequently, we introduce empirical
macroscopic RWU models that are implemented in mod-
els that simulate soil water flow in soil profiles using the
Richard’s equation. Finally, we derive macroscopic RWU
functions directly from the mechanistic RWU models. We
consider in first step systems in which the resistance to water
flow in soils can be neglected compared with the resistance
to flow in the root tissues. We extend the approach in a sec-
ond step to conditions when also the resistance to water flow
from the bulk soil to the root segments is important. To keep
the focus on the derivation of mechanistic RWU functions
from soil and root hydraulic properties, we do not analyze
the sensitivity of simulation results to simplifications that
were made to derive the upscaled mechanistic RWU model,
to simplifications in the parameterization of the mechanistic
RWU functions, or to simplifications or assumptions made in
empirical RWU functions.

2 | MATERIALS AND METHODS

2.1 | Mechanistic RWU model

We use the parallel root system model as an upscaled model
for the 3-D root hydraulic architecture. The structure of the
model is illustrated in Figure 1. Flow is described as a func-
tion of total water potentials, H (L), which include gravitation,
matric, osmotic, and turgor potentials and can be expressed
in length units or heads representing the energy of water per
unit weight. The RWU rate, Q (L T~!), from the ith soil layer
(the volume of water taken up per unit of time from the layer
divided by the top surface area of the layer) can be described
as:

Kr,in,i

= = -H
Kr,i + Kx,i

0 [H. collar (1)

Sr,i
where K, (T~ and K, (T~1) are the effective radial and axial
root conductances, Hg, (L) is the water potential at the soil
root interface, and H_ ), (L) is the water potential at the root
collar. By dividing the RWU rate from layer i by the thick-
ness of the layer, Az, the sink term S; (T~!) is obtained. We
can reformulate the RWU rate in terms of a root system con-
ductance, K, (T~"), and a standard uptake fraction for layer i,
SUF; (-) as (Couvreur et al., 2014):

e s N

Hcollar
|
;
K, W °
' A% %
Kr',/ Kprhiz,/' H
e AA bs, i
° [} \/\/{/\ o '
H. .
X, L AAA— H ) Q

FIGURE 1
the root system, and the brown color refers to the perirhizal zone. The

Parallel root system model. The green color refers to

water that is taken up by the roots from ith soil layer, Q;, flows to the
root collar along a set of effective resistors: the resistance to flow in the

perirhizal zone around the root segments, K. !, the resistance to

rhiz
radial flow in the root segments, K,‘l, and tlrie resistance to axial flow in
the root xylem, K, ~!. (Instead of using resistances, we use their inverse,
the conductance K.) Water flow along this path leads to a drop in water
potentials from the water potential in the bulk soil, H,, at the soil-root

interface, H.

o 10 the root xylem, H, and at the root collar, H,

collar*

Q, = SUF,K, [H

Sr,i

— Hgjiye ] )

SUF, represents the fraction of the total RWU by the root
system from the ith layer when the water potentials at the soil
root interface are uniform in the root zone, that is, when there
is a hydrostatic equilibrium in the root zone (dH,/dz = 0).
The root system conductance, K, is a root system property
that depends on the axial and radial conductances of the indi-
vidual root segments and the root architecture. Since the axial
and radial conductances of root segments are assumed to be
independent of the water potential, K, is independent of the
water potential. By summing up the uptake rate from all soil
layers, it follows that K, represents the total RWU rate or tran-
spiration, 7 (L T~1), divided by the difference between the

effective root zone water potential, H.g, and H_p,,:

Ko=—1 3)
[Heff - Hcollar]
Heff = Z SUFiHsr,i (4)

Vanderborght et al. (2021) showed how K, and SUF can be
derived directly from 3-D root hydraulic architectures. They
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found that also for non-uniform water potential distributions,
the total RWU or transpiration that is calculated using the
SUF-weighted local soil water potentials is exact. They also
found that RWU distributions calculated with the parallel root
model using SUF and K, derived from 3-D root hydraulic
architectures approximate RWU distributions of the 3-D root
system accurately.

When it is assumed that the resistance to water flow in the
perirhizal zone, that is, the soil cylinder around a root segment
in which water flows radially to the root segment, is small
compared to the resistances to water flow in the root system,
the soil water potential at the soil-root interface, H,, is close
to the bulk soil water potential Hy, (L) and can be replaced by
Hy in the above equations.

When soil layers dry out, the soil hydraulic conductiv-
ity drops and the resistance to flow in the soil cannot be
neglected. The soil hydraulic conductivity is a function of the
soil water content, which in turn depends on the soil water
matric potential, & (L). Therefore, soil water potential needs to
be split up into its components. Assuming that the osmotic soil
water potential can be neglected, the matric potential of the
soil water, A, at a point at elevation z where the water potential
equals H is:

h=H -z ®))
The resistance to flow in the perirhizal zone, or its inverse,
the perirhizal conductance, Ky, (T~1), can be calculated

from (de Jong van Lier et al., 2006, 2008; Schroder et al.,
2008):

Kprhiz (hbs’ hs,r) = 277"lr0()tBl_€prhiz (hbs’ hs,r) (6)

hbg hSJ‘
[ K(hydh— [ K(h)dh
koiy (Rpss by ,) = — — )
prhiz ( bs> 'ts, ) hbs _ hs,r
2(p? -1
B (P> —1) ®
1 - (0.53p)* +2p2 [Inp + In (0.53)]
o= rprhiz 9)
p

root

where [, (L™!) is total root length in a soil layer with thick-
ness Az divided by the horizontal surface area of the layer
and which is calculated from the rld (L L™3) as [, = rld Az,
Kprhiz (L T™1) is an "effective conductivity" of the perirhizal
zone, which is calculated from the soil hydraulic conductiv-
ity K (L T~1) in the perirhizal zone, Ay, (L) is the bulk soil

matric potential, which corresponds to the matric potential at
the average water content in the perirhizal cylinder, A, (L)
is the matric potential at the soil-root interface, and rp,;;, (L)
is the radius of the perirhizal cylinder and corresponds to the
average distance between roots calculated from the root length
as i, = (7 1ld)™0>. B is a geometry factor that depends
on the ratio of 7y, to the root radius, r,,. The perirhizal
effective conductivity k,;, is derived from the soil hydraulic
conductivity curve, which is assumed to be identical to the
hydraulic conductivity curve of the bulk soil.

Including the perirhizal conductance along the flow path
from the bulk soil to the root collar, the RWU rate is obtained
as:

Q _ SUFi Krs Kprhiz,i
' SUF[ Krs + Kprhiz,i

[Hbs,i - Hcollar] (10)

As for the root system conductance (see Equations 2
and 3), we can formulate the RWU using the soil-root system
conductance K, (T~!):

0= SUFiKsrs,i [Hbs,i - HCOH&F] (D
with:
Krstrhiz,i
Ksrs,i = (12)
SUF[ Krs + Kprhiz,i

Unlike K in Equation (2), the soil-root system conduc-
tance, K, varies with depth in the soil profile since K,
depends on the rld and bulk soil matric potential, 4, which
both can vary with depth. K,y,;, also depends on the matric
potential at the soil-root interface, hg., which is in turn related
to the uptake rate and the collar water potential, H,,, S0 that
Equation (11) must be solved iteratively when either H,, or
the transpiration rate is known.

2.2 | Empirical macroscopic uptake
functions

Empirical RWU functions are based on the demand for water
by the atmosphere, the so-called potential transpiration, 7,
which can be calculated by solving an energy balance at the
canopy surface (Allen et al., 1998). The demand is distributed
over the root zone following the depth nrld (L™!), and a poten-
tial RWU rate, Qp (L T, from a certain soil layer can be
defined as:

0, =nrld;AzT, (13)

In a second step, an a-stress function is defined, which
varies between 0 and 1 and is a function of soil water matric
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potential and the potential transpiration. Note that in empirical
macroscopic RWU functions, the matric potential not the total
hydraulic head or total water potential is used. Typically, the
a-stress function is represented by a piecewise linear function
with a =1 for i > hej, heyy a function of 7, and a decreasing
linearly from a = 1 for h = h; to a = 0 for h = hyjyip,.
hyitting 1s the "wilting point”. As will be explained later, the
physical meaning of the a-stress function is difficult to define.
In order to describe uptake from a soil profile with variations
in & in the root zone, a root system stress factor w is defined as
a rld weighted average of a-stress factors that are calculated
with the a-stress function for different depths in the root zone:

where

o= Y nrlda (k) Az (14)

This stress factor represents an average stress level in the
root system. When the stress factor is not smaller than a criti-
cal stress factor, w,., the root system uptake is equal to demand
or the potential transpiration. The critical stress factor w,. is an
empirical factor that is assumed to depend on the crop type.
When o < o, the total RWU is reduced so that the actual
transpiration, T, is smaller than 7,

T, =2T (15)

The local RWU rate is given by:

nrld;a (h;) Az
0 =——"—T, (16)
max (o, ,)

Equation (16) assures that the total RWU rate calculated
from the sum of the local RWU rates is consistent with Equa-
tions (14) and (15) and with Equation (13) when a (h) = 1 for
all depths. By dividing the local uptake rate by w or @, the
local uptake rate is modulated for every depth with the same
factor. For w > w,., the uptake increases more in regions where
a is larger than in regions where a is lower compared to the
case where w = 1 and the soil profile is sufficiently wet so
that @ = 1 everywhere in the root zone. When the soil dries
out nonuniformly and a becomes smaller than one in some
regions, this leads to a shift in RWU from drier (where a <
1) toward wetter soil layers (where @ = 1) where RWU rates
even increase compared to the case when a = 1 everywhere
in the root zone. However, the relative RWU distribution, that
is, the RWU rates divided by the total uptake, is not changed
compared to the relative distribution that would be obtained
using the a-stress factors. Equation (16) does not "shift" the
relative RWU to wetter regions in the root zone more than the
a-stress factors do. It changes the soil water matric potential
(for a given Tp) at which the transpiration is reduced, which for
. < 1 becomes more negative than the critical matric poten-

tial, /.., used in the a-stress function. As a consequence, the
a-stress function used in Equation (16) does not represent the
ratio of the actual to potential transpiration as a function of the
soil water potential (Skaggs et al., 2006), which is the origi-
nal interpretation of the a-stress function (Feddes & Raats,
2004). The original interpretation of the a-stress function cor-
responds with @, = 1, so that actual transpiration is reduced
when i < hg; in at least one layer of the soil profile. The
original interpretation was used to determine the critical soil
water matric potential at which a (k) becomes smaller than
one, that is, o, empirically from experimental observa-
tions and assuming that the % is uniform in the root zone. This
obviously leads to problems when /o, is used in the a-
stress function in Equations (14) and (16) in combination with
. < 1, for which the interpretation of the a-stress function is
different from the original one. The critical matric potential
of the a-stress function used in Equations (14) and (16), &
could be calculated from 4

crit>

crit_org as:
[Peric_org — (1 = @) hyitiing]
herie = = AL 17)

@

Instead of relating the a-stress function and w to the ratio
of actual uptake to the transpiration demand (Equation 15),
Jarvis (2011) defined them as ratios of the maximal possi-
ble RWU rate to the maximal RWU rate when the soil is
completely wet. The maximal RWU rates are defined as the
maximal flow that is possible from the soil to the root col-
lar when the water potential in the root collar, H_,,, is equal
to the wilting water potential, H,,;,,. This flow rate corre-
sponds with the maximal flow rate that can be “supplied” by
the soil and the root system to the root collar and is indepen-
dent of the atmospheric “demand” or 7,, which corresponds
with the maximal amount of water that can be transferred
from the leaves to the atmosphere with the available energy
for evaporation. By redefining a, Jarvis (2011) showed that
(1) under plant water stress, the empirical model (i.e., Equa-
tions 14—16) gives identical water uptake distributions in the
soil profile as the physics-based model derived by de Jong
van Lier et al. (2008), which explicitly considers perirhizal
resistances but not plant resistances, but that (ii) the water
uptake distributions in the soil profile predicted by the empir-
ical model do differ from the physically based model when
the plants are unstressed, that is, when actual transpiration
equals the potential transpiration. However, neglecting the
root resistance led to the simulation of spurious redistribu-
tion of water in wet soils. In the following, we first derive
uptake functions using supply ratios for the case that resis-
tances in the soil-root system are dominated by the root
system. Subsequently, we add the perirhizal resistances in the
analyses.
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2.3 | Macroscopic uptake functions when
perirhizal resistances, Kprhiz‘l, are negligible

We define a as the maximal uptake from a soil layer for a
certain soil water potential Hyg in that layer, Q; ., to the
maximal uptake from that layer when the soil is completely
wet O; naxwer- 1t must be noted that we do not consider a
reduction in RWU when the soil is wet and roots experience
oxygen stress. @ represents the ratio of the maximal uptake
by the root system from the entire soil profile, 7}, , for a cer-
tain effective soil water potential, to the maximal uptake when
the soil profile is wet, Ty, wer- When defining z = 0 at the
root collar, a completely wet soil profile corresponds with an
effective soil water potential H,g = 0, so that a and w can be
derived using the parallel root system model as:

Qi,max _ SUFiKrs [Hbs,i - Hwilting]

( b’l) Qi,max,wet SUFiKrs [_Hwilting]
Hy; — Hy; H,..
_ [ bs,i w1lt1ng] —1- bs,i (18)
[— H Wilting] H wilting
= T, ax _ Z SUF[ K. [Hbs,i - Hwilting]
Tmax,wet Z SUF:‘1<rs [_Hwilting]

_ E SUFi [Hbs,i - Hwilting] —1— Heff

[_Hwilting] B Hwilting

19)

Observe that the root system conductance is no longer in
the definitions of @ and w. @ only depends on the wilting water
potential and is a linear function of Hy¢ and ranges from a =
0 for Hyg = Hyjine to a = 1 for Hyg = 0. Unlike currently
used a-stress functions (see, for instance, Simunek and Hop-
mans [2009]), the redefined a -supply ratio function is defined
in terms of the soil water potential or hydraulic head, H,
no longer depends on the potential transpiration 7, and does
not reach 1 for Hy¢ values smaller than 0. As a consequence,
a varies with depth as soon as Hy, varies with depth. When
using nrld Az as a proxy for SUF, the same relation between
a and o is obtained as in the empirical macroscopic RWU
function (see Equation 14):

®=) SUF,a(Hy),) (20)

According to Jarvis (2011), we define the critical supply
ratio w,. as the ratio of the potential transpiration or the tran-
spiration demand to the maximal supply by the root system
when the soil is completely wet:

@. = TP _ TP _ TP
. = =
Tmax,we[ Z SUFi Krs [_ Hwilting] [_ Hwilting] Krs

2y

When the actual supply ratio @ is smaller than the critical
supply ratio @,., then the transpiration demand cannot be met.
When o is defined as a supply ratio instead of a stress factor,
the critical supply ratio, w,., is proportional to the transpiration
demand. That implies that for higher transpiration demands,
water stress, that is, the transpiration demand cannot be met
by the RWU, occurs for higher w factors, which correspond to
wetter soil conditions or higher Hy.

When @ < @, the actual water uptake equals the maximal

supply with H g, = Hyjjing> and the uptake distributions can
be written in terms of the a and w,. supply ratios as:
—_ — Q,[,max Q,[,max,wct ] Tmax,wct
Qi - Q’[’max - [Qi.n]ax,wel] [ Tmax.wet [ lTp ] P (22)
= a(H,,;) SUF, - T,

When o > w,., the maximal RWU or maximal supply, Ty,
is larger than the transpiration demand 7),, so that the actual
RWU rate, T, is equal to 7, and H1r > H,y- To describe
the uptake distribution for @ > @,. as a function of the @ and @
factors, the SUF and the potential transpiration, we use Equa-
tion (3) to relate H ), to the effective soil water potential,

Hg, K., and 7)), and plug it into Equation (2):

T,
Q; = SUF,K [Hbs,i = Hepr + K_P] 23)
TS
which corresponds to:
0, = SUF, K| [Hbs,i - Hwilting]

T,
_SUFiKrs [HT,eff - Hwihing - K_] (24)

TS

The first term of Equation (24) corresponds to the maximal
supply rate, Q; ,.x (Equation 22), while the second term is
a correction term that accounts for the difference between the
actual and wilting collar water potential. After rearranging the
second term, we obtain using Equations (18), (19), and (21):

T, w
0, = a (Hy,) SUF,— - SUF; | — —1|T, (25)

c wC

According to Equation (18), when the soil water potential
H, is not uniform and smaller than O, « is larger in regions
where H,, is larger, so that following Equation (25), Q will
be larger from soil layers with higher Hy, and smaller from
layers with lower Hy, compared to the situation when the
soil water potential is uniform and equal to H,g. This implies
that Equation (25) simulates the redistribution of water uptake
toward regions in the root zone where the water potentials
are higher. This is different from the empirical approach that
does not simulate redistribution of uptake when the demand
can be met by the supply at each depth in the root zone
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and the a-stress function equals one everywhere in the root
zone.

According to Equation (21), @, = 0 when T), = 0. Since the
limit of 7,/w. when T, tends to zero is defined as —H iy,
K., Equation (25) can also be used at night when 7}, = 0.
Since the total uptake rate at night is zero, it follows that Equa-
tion (25) will simulate uptake from some layers and release in
others, that is, hydraulic redistribution, depending on Hy,.

2.4 | Macroscopic uptake functions including
perirhizal resistances, K ,;,;, ™"

When we account for perirhizal resistance, a; as the ratio of
the maximal RWU rate from the ith soil layer to the maximal
RWU rate from that layer when the soil is wet becomes:

SUFiKsrs,i [Hbs,i - Hwilling]

SUF, Ky, [~ Hiyitging]

a; (Hbs,i) =

_ Ksrs,i [Hbs,i - Hwilting] (26)

Ky [—Hyiing]

where K, ; is the soil-root system conductance in the ith soil
layer and for a collar water potential equal to Hy;,, (Equa-
tion 12). Since the soil root system conductance, K., is a
nonlinear function of the bulk soil water potential and a func-
tion that varies with depth due to variations in rld and SUF
with depth (Figure 2d), (in a layered soil profile, K, also
varies with depth due to varying soil hydraulic properties),
a is a nonlinear function of Hy that varies with depth. When
Hy,, approaches zero (wet soil conditions), the perirhizal resis-
tance can be neglected compared to the root resistance, and
K tends to K. For each depth, a set of K ; values can be
derived for a set of H,,, values and for H_ g, = Hjjiing bY iter-
atively solving Equation (11). With this set of K ; values, a
set of ; values is obtained (Equation 26), which can be used
in an interpolation function to calculate ; values directly for
a given Hy.

Analogous to the case where perirhizal resistances can
be neglected (Equation 20), the w factor is equal to the
SUF-weighted a-supply ratios:

T,

max

_ Z SUFiKsrs,i [Hbs,i - Hwilting]
2 SUFiKrs [_Hwilting]

w =
T

max,wet

= ) SUFq, (Hy,) (27)

The difference between Equations (27) and (20) is that in
the former, the a—supply ratio function varies with depth.
Since K is smaller than K and decreases with decreas-
ing H,, the w factor is smaller when perirhizal conductances

are considered. However, the @,. factor, which is defined as the
ratio of the potential transpiration to the maximal uptake when
the soil is wet, hardly depends on the perirhizal conductances
since the saturated soil hydraulic conductance is generally
much larger than the root hydraulic conductance so that
K (Hys = 0) =% K. Considering perirhizal conductance or
resistance therefore leads to a reduction in transpiration rate
at less negative Hy, than in case perirhizal conductance or
resistance is not considered.

The RWU rate when o < w,. is calculated in the same way as
for the case where perirhizal conductances are not considered,
with the only difference that the a functions are depth depen-
dent and nonlinearly dependent on the soil water potential:

TP
0; = a; (Hy,;) SUF, - 28)

c

Plugging Equations. (21) and (26) in Equation (28) leads
exactly to Equation (11), so that the RWU rate calculated with
the macroscopic uptake function (Equation 28) is exactly the
same as the uptake calculated with the soil-root hydraulic
model (Equation 11).

When @ > w,, the uptake is smaller than the maximal
RWU rate and corresponds to the transpiration demand, 7,.
Under these conditions, Hqy,, > Hyijing. The perirhizal
conductance K;, (Equation 6) and the soil-root system
conductance K, are both functions of the bulk soil water
potential and the collar water potential. When the flux at the
root collar is set to Tp, the water potentials at the soil root
interfaces at the different depths and the root collar water
potential have to be found by solving the set of nonlinear
uptake equations for each soil layer (Equation 11), which are
coupled by one additional equation: T, = D O, iteratively.
To avoid these iterations so that the uptake rates can be calcu-
lated directly from Hy, and T,,, we assume that K, calculated
for Heojar = Hyitging can also be applied for other collar water
potentials. Unlike for the previous case with w < @, where the
soil-root hydraulics could be represented exactly using the a
and o functions, this assumption leads to an approximation.

Using Equation (11), with K, approximated by K for H,

SIS collar

= Hyitting> Heollar 18 calculated from:
u N Z SUFiKsrs,iHbs,i _ Tp (29)
collar Z SUFiKsrs,i Z SUF,'Ksrs,i

The first term could be interpreted as an effective root zone
water potential. However, unlike the case when perirhizal
resistance can be neglected, the weights used to calculate the
effective root zone water potential depend on soil water poten-
tials and their distribution, since K, depends on the bulk soil
water potential.

Substituting H,,, in Equation (11) gives:
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Mechanistic RWU model Empirical RWU functions Mechanistic RWU functions
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FIGURE 2 Functions used in the mechanistic root water uptake (RWU) model (a, d), empirical RWU functions (b, e, and g), and mechanistic

RWU functions (c, f, and h). The top row represents: the root length density (a), normalized root length density (b), and standard uptake fraction

(SUF) fractions (a, c) that are used to distribute RWU over the root zone. The middle row shows functions that relate the uptake to the bulk soil water

potentials or soil water matric potentials: the soil root system conductances, K., for a root collar water potential H,

oltar = Hyiying and for different

soil depths in the fine- and coarse-textured soil (the black dashed line represents the root system conductance, K ,) (d); the a-stress functions for a

high and a low potential transpiration (e); and the a-supply ratio functions in a fine- and coarse-textured soil for different depths (the dashed black

line is for the case the soil resistance is not included) (f). The bottom row represents the relation between the ratio of actual to potential transpiration

rate T,

o, (); and the critical supply ratio factor ., which depends on 7, (h).

SUF,K, . ;H,; T
Qi ~ SUF[KS].SJ- Hbs,,' _ Z i*>srs, it bs,i _ p
Z SUFiKsrs,i Z SUFiKsrs,i

(30)
Equation (30) is an approximation of Equation (11) since
in Equation (30) is calculated for a collar water potential
Equation (30) can be written in terms of a

K

SIS

H

collar
and w, as:

wilting*

O ~q (Hbs,,-) SUFig — SUF, ot [2 - 1] T

A Iy SUF,K, o, )
oy (Hbs,i) SUFlep - SUF,% [a)ﬂ — 1] Tp
% (Hbs.,)S?fF,

~a; (H,,;) SUF, 2 — - : [ﬂ—l]T
bs % | [£ ] Lo
(€29)

This equation is similar to the equation for the case that
perirhizal resistance can be neglected (Equation 25), but the

wilting

weighting factor of the second term is not equal to SUF.

An overview of the functions and their meaning is given
in Table 1. It is interesting that the RWU functions, consid-
ering only root resistances, relate the a-supply ratios exactly
in the same way to RWU rates as the RWU functions that

/T, and the root zone weighted stress factor  (g); and the root zone weighted supply ratio factor @ (h); together with the critical stress factor

were derived by Jarvis (2011) (compare Equations 12 and 13
in Jarvis (2011) with Equations 22 and 25), but the shape of
the a-supply ratio functions and the weighting factors (SUF
in our paper versus R in Jarvis [2011]) are different when
either root or perirhizal conductances are considered. How-
ever, when considering both root and perirhizal conductances
(Equations 28 and 31), we obtained slightly different relations
of the non-stressed RWU equation (Equation 31), with a dif-
ferent weighting of its second term. We found that this term
should be weighted by the SUF-weighted soil-root system
conductance, K.

2.5 | Simulation setups

To illustrate and evaluate the mechanistically derived macro-
scopic uptake functions that consider perirhizal resistances
(Equations 28 and 31), we carried out simulations of water
flow and RWU in drying soil profiles during a summer crop
growing season with a large precipitation deficit of 400 mm.
Two soil profiles, one with a coarse texture and one with a
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Overview of the a functions and @ factors used in the empirical and mechanistic root water uptake (RWU) functions to calculate RWU rates, Q.

1

TABLE

Critical stress factor

Root system averaged stress factor

Water demand from depth z L .
(when soil water matric potential is uniform)

Actual uptake from depth z

Meaning

Empirical

nrld;a(h;)Az; T
max(w,0,) P

Q;:

Fixed parameter

> orld;a(h,)Az;

w =

for h > h; (T,)

for h < hy;, (T))

h=hyiing
Nerit (Tp)=Pyitting

a =
a=1

{

Functions

Transpiration demand

Maximal supply when the soil is wet

Maximal supply by the root system
Maximal supply when soil is wet

Maximal supply from depth z

Maximal supply from depth z when soil is wet

(When Hcol]ar = Hwi]ting)

Meaning

Mechanistic

17T,

@

L
Lo,
L_
i
.

a; (H, ;)SUF,;

c

0, ~ o;SUF,
«,SUF,

[Hys = Hoyiing 11X

For w < o,
Forw > w,

O

TP

[=H yining 1K

. =

> SUF,«

8

Functions

L

S|

Hps i =Hyilti
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fine texture, of 150-cm depth and with uniform soil hydraulic
properties, were simulated. The hydraulic properties of the
soils are given in Table 2. The initial condition was a uniform
matric potential profile with # = —330 cm. Hourly reference
potential transpiration rates were calculated from meteoro-
logical data using the FAO Penman equation (Allen et al.,
1998). At times without precipitation, a no-flow boundary
condition (no evaporation) was used at the soil surface, and
a free drainage boundary condition was applied at the bottom
of the simulation domain. The root system conductance K
of a generic crop was 2.05 X 10~* day~!. Its rld and SUF are
given in Figure 2a—c and the SUF was close to the nrld. The
similarity between the SUF and rld profile suggests that rld
may be a good proxy of SUF for the considered root system.
A more detailed analysis of the analogy or difference between
SUF and rld and of the root hydraulic properties that influence
this difference is given by Javaux et al. (2008) and Javaux et al.
(2013). For further details of the simulation setup, we refer to
Vanderborght et al. (2023).

We compared the simulation using macroscopic uptake
functions with a simulation using the upscaled mechanistic
model (Equation 11). We focus on the setup that consid-
ers perirhizal resistances since their impact on the simulated
uptake and the plant water potentials, compared with the case
where they were neglected, was discussed in Vanderborght

et al. (2023). Furthermore, our analyses above showed that the
approach considering only linear root system hydraulics and
neglecting perirhizal resistances can be represented exactly by
macroscopic RWU functions (Equations 22 and 25).

3 | RESULTS

Figure 2 gives an overview of the functions and properties
used in the different approaches to simulate RWU: the mech-
anistic RWU model, the empirical RWU functions, and the
mechanistically derived RWU functions. In Figure 2d, K,
of the generic crop with a root collar potential H_ g, of
—15,000 cm is plotted versus the bulk soil water potential,
H,, for a soil with a coarse texture (blue lines) and a soil with
a fine texture (red lines). Each line corresponds to a K, at
a specific depth. Figure 2d illustrates that for high Hyg, K
converges at all soil depths to the root system conductance,
K., and that, due to a decrease in soil hydraulic conductivity,
K, decreases when H,¢ drops. The change of K, with H
therefore depends on the soil hydraulic properties. In the soil
with a fine texture, K
decreasing Hy, than in the soil with a fine texture.

The variation in K versus Hy, curves with depth can be
explained by the variation in perirhizal conductance, Ky,
with depth. K;,;, depends on the radii of the roots and of
the perirhizal cylinders, which depend on the rld. A lower rld
deeper in the soil corresponds to a larger distance between

does not decrease so strongly with
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TABLE 2 Parameters of the van Genuchten-Mualem hydraulic functions (van Genuchten, 1980) estimated with ROSETTA (Schaap et al.,
2001).
Soil texture 0, 0, a (em™) N K, (cm day~!) 1
Coarse 0.403 0.025 0.0383 1.3774 60 0.5
Fine 0.43 0.01 0.0083 1.2539 2.272 0.5
the bulk soil and the root surface, a lower K,;,;,, and a lower 25 ' - ' ' ' ' '
K. The decrease in K, with depth, for a given H,,, dueto | 7777 To
. . ————T__ soil-root hydraulics coarse
a decrease in root density may be partly compensated by an oL 9 Tac‘ coarse i
. . . . . . . . (@] act aw
increase in soil matric potential, z, with depth. Considering i o1 sl T o soibr00t hycrauics ine
that the root system is around 100 cm deep, the soil water T;‘ “}"A@ ’,:% RN T awiine
matric potential, 4, increases, for a given Hj,, with 100 cm c 1.5 G ‘

from the top to the bottom of the root system. Especially in
the coarse-textured soil and for larger Hy,; (>—1000 cm), this
variation in & with depth may generate a substantial increase
in effective perirhizal conductivity k., with depth.

The relative variation in K, with depth for a given H
increases when Hy; decreases. This implies that the RWU
distribution in a soil profile with a uniform H, may differ
between dry and wet soils. In wet soils, the relative variation
in K is small, and the uptake distribution depends on the
root hydraulic properties and is represented by the root sys-
tem property SUF. In dry soils, the resistance to flow in the
perirhizal zone, which depends on the soil hydraulic proper-
ties and the rld, defines K, its variation with depth, and the
RWU distribution.

Figure 2f shows the a-supply ratio (Equation 26) versus
H,, for different depths in the soil profile. The variation in
the a-supply ratio versus H,, curves between different soil
textures and with depth, which is mainly due to variations
in root length density, reflects the corresponding variation in
the soil-root system conductance K versus H, curves. The
deviation of the a curves from a straight line between a = 0
at Hy, = H,jjine and a = 1 at Hy,; = 0, reflects the impact of
the perirhizal conductance, K, ;,, which depends on the soil
hydraulic conductivity and the radii of the roots and perirhizal
cylinders around the roots. The concave shape of the a-supply
ratio functions and their dependency on root density and soil
hydraulic properties are qualitatively similar to the shape and
dependency of a-stress functions (which represent the ratio of
actual to potential transpiration) that were derived by Metse-
laar and de Jong van Lier (2007) and de Jong van Lier et al.
(2008).

The w-supply ratio factors that were derived from the soil
and root system properties and from the bulk soil water poten-
tial distributions that were simulated using the mechanistic
soil-root model in the coarse-textured soil during the crop
growing season are plotted in Figure 2h) versus simulated
T,./T), ratios. The plot shows that for a given 7, the relation
between T,

act
and that the slope of this line decreases with increasing 7,.

/T, and @ can be represented by a linear relation

0 20 40 60 80 100 120 140 160
time (d)

FIGURE 3 Potential (7,) and simulated actual transpiration rates
(T

) at midday in the coarse- (blue) and fine-texture (red) soil using

the soil root hydraulic model (dashed lines) and the model with
mechanistically derived a-» macroscopic uptake functions (open
circles).

As a consequence, the critical w factor at which the maximal
supply becomes smaller than the demand, w,., increases with
increasing potential transpiration. Since @, and its relation
with the potential transpiration depends only on the root sys-
tem conductance but not on the soil properties (Equation 21),
the relation between 7,,/T,, and w is independent of the soil
properties. However, the relation between @ and the soil water
potentials and their distribution depends, through the a-supply
ratios, on the soil properties (see Figure 2f).

The transpiration rates that were simulated with the mech-
anistic soil-root system model (Equation 11) are plotted
together with the transpiration rates that were calculated
directly from the mechanistic macroscopic RWU functions
(Equations 28 and 31) in Figure 3.

The approximation of the soil-root system conductance
by assuming that the collar water potential is always equal
to H\jine did not affect the simulated transpiration rates
notably. The root mean square deviation (RMSD) between
the simulated transpiration rates by the two models was 0.03
and 0.01 cm day‘1 for the coarse- and fine-textured soils,
respectively.

Also, the RWU distributions that were simulated by the
soil-root hydraulic model were well reproduced by the model
that uses the mechanistically derived macroscopic a-@ uptake

85UBD 17 SUOWILLIOD SAIERID 3|qealjdde au Ag pausencb ale sapiLe YO ‘esn JO Sani Joy Akelq1 aUIUQO AB]IA UO (SUO N PUOD-pUe-SWLBYL0Y"AS | 1M Aeuq 1 jpuljuO//:SdNy) SUOIPUOD Pue SWLB | 8L} 89S *[7202/70/ST] U0 Arig1TauluO A3|IM ‘EEE02 2 [ZA/200T 0T/10p/L0 A3 | 1M ARe1g1[oU1|UO'SSasTIe//:SANY WOl papeo|umoq ‘0 ‘€99TEEST



VANDERBORGHT ET AL. Vadose Zone Journal 11 of 16
(a) (b)
{06 0.025 $55 sink term at mldnght: o w(fine son) 0.025
90 90
0.02 0.02
80 80
70 0.015 70 0.015
E 60 0.01 —2 E 0 0.01 .g
5 % s £ 50 E
k= I =] s E
2 0 0005 5 2 40 0.005 5
30 0 30 0
20 20
£.005 0.005
10 10
0.01 £0.01
20 40 60 80 100 120 140
day day
(c) (d)

diurnal sink: soil-root hydraulics (fine soil)

== e 0.025
0.02

0.015

height (cm)
)
-4
averagedsinktennd !

0.005

-0.005

0.025

0.02

0.015

0.01

height (cm)
averagedsinktermd !

0.005

-0.005

FIGURE 4

Simulated sink term distributions at midnight when the 7, = 0 in the fine-textured soil using the mechanistic soil-root hydraulic

model (a), the mechanistically derived a-w macroscopic uptake functions (b), the average diurnal course of the sink terms simulated by the

mechanistic soil root hydraulic model (c), and the mechanistically derived @-@ macroscopic uptake functions (d).

functions (Figure 4). Hydraulic redistribution at night could
be reproduced using the specific root water uptake functions
for conditions when the maximal supply is larger than the
demand (Equation 31). Figure 4 illustrates that at midnight,
in part of the root zone, water is exuded by the root system,
which is taken up in other parts. Interestingly, approximately
60 days after the soil profiles dried out and the actual tran-
spiration in the fine-textured soil cannot meet the demand
anymore (Figure 3), hydraulic redistribution at night occurred
from the topsoil layer, which was sporadically rewetted by
rain, toward the deeper layers. Figure 4 illustrates that the
mechanistically derived a-o uptake functions reproduce this
redistribution as well as the average diurnal course of the
RWU. In Figure 5, profiles of the average sink term at mid-
night and midday that are simulated in the two soils (coarse-
and fine-textured) are shown for the two model approaches.
The a-w uptake functions can reproduce the uptake profiles
and how they differ between the two soil textures quite well,

but especially for the coarse-textured soil from 20- to 60-
cm depth, there are slight deviations at midnight between the
two approaches. Integrating all the negative sink terms over
depth, the total simulated hydraulic redistribution during the
simulation period was calculated for the two different soils
and the two model approaches. In the sandy soil, the aver-
aged water exudation rates by the whole root system and over
the entire simulation period that were simulated by the soil—
root hydraulic model and by the mechanistically derived a-®
uptake functions amounted to —0.012 and —0.0055 cm day !,
respectively, which are relatively small compared to the simu-
lated average uptake rates which are 0.197 and 0.192 cm day !
respectively. In the fine-textured soil, the simulated exuda-
tion rates were —0.017 and —0.016 cm day~! for the soil-root
hydraulic model and the a-» uptake functions, respectively,
and the uptake rates were 0.245 and 0.243 cm day~!, respec-
tively. The larger perirhizal conductance of the fine than of
the coarse-textured soil led to more hydraulic redistribution.
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averaged over the entire simulation period in the coarse- (blue) and
fine-textured (red) soil simulated by the soil-root hydraulic model
(lines) and the mechanistically derived a-® uptake function (open
circles).

4 | DISCUSSION AND CONCLUSION

Macroscopic RWU functions calculate RWU rates and their
distribution in the soil profile directly from soil water poten-
tials and the transpiration demand without solving the flow
equations in the soil-root system. By deriving macroscopic
RWU functions using soil and root hydraulics (Equations 28
and 31), the conceptual basis of the RWU functions is put
on solid grounds, which leads to consistent descriptions of
RWU compensation and hydraulic redistribution via the root
system when soil water potentials vary in the root zone. By
linking RWU functions with root and soil hydraulic proper-
ties, these functions can be derived directly from the physical
properties of the system, which can be determined directly
using specific experiments not requiring the fitting of empir-
ical parameters. An at first sight contradictory result is that
mechanistically derived a-o RWU functions (Equations 28

and 31), with a-supply ratio functions that vary with depth,
have less degrees of freedom than the empirical a-w RWU
function (Equation 16) with an a-stress function that does not
vary with depth. The soil and root hydraulic properties and
root density distributions define the a-supply ratio functions
at different depths, SUF relates the a-supply ratio functions
at different depths with @, and K and 7}, define .. When,
for instance, the soil hydraulic properties and rld distributions
are known and when it is assumed that the SUF distribu-
tion is equal to the rld distribution, the only parameter that
still needs to be fitted is the root system conductance, K.
However, certain root system properties, which are more diffi-
cult to measure, could be estimated by inverse modeling. The
same could apply to the hydraulic properties of the perirhizal
zone, which we assumed to be identical to those of the bulk
soil. However, roots could alter the properties, including the
hydraulic properties of the zone just around roots, that is,
the rhizosphere. In addition, the soil-to-root contact could be
lost (Faiz & Weatherley, 1977, 1982; Herkelrath et al., 1977)
when roots (Carminati et al., 2009) or root hairs (Duddek
et al., 2022) shrink. The impact of changing soil hydraulic
properties (Landl et al., 2021) or changing root (de Willi-
gen et al., 2018), or root hair contact (Duddek et al., 2023)
on RWU can be simulated and evaluated using single root
segment scale models. Simulations with these small-scale
root segment models could be used to parameterize effec-
tive perirhizal conductivities, which could subsequently be
used in the macroscale mechanistic RWU functions. This
could be an example of the multiscale modeling approach
that was proposed by Schnepf et al. (2022) to link rhizo-
sphere processes across scales. In an alternative approach,
simultaneous measurements of the diurnal course of plant and
soil water potentials and transpiration (measured, for instance,
with sapflow sensors), which were found to be sensitive to the
effective perirhizal conductivity (Vanderborght et al., 2023),
could be used to infer perirhizal conductivities independently
from the bulk soil hydraulic conductivity by inverse modeling.

To link macroscopic RWU functions to soil and root
hydraulics, we had to redefine the commonly used empiri-
cal a-stress function, which relates the reduction of RWU
when the soil dries out to the bulk soil water potential and
the transpiration demand. A conceptual problem with the a-
stress function, which represents the ratio of the RWU rate
from a soil layer to the uptake demand from that layer when
the transpiration is equal to the potential transpiration, is the
definition of the uptake demand from a certain layer. The
uptake demand from a certain layer is defined as the poten-
tial transpiration multiplied by the nrld and the layer thickness
(Equation 13), which could be interpreted as a proxy of the
SUF. However, this definition of demand only applies when
the soil water potential is uniform in the entire root zone.
When soil water potentials vary in the root zone, the demand
from a certain soil layer depends on the water potentials in
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other soil layers, so that the a-stress function is not a math-
ematical function of the water potential in the soil layer but
should depend on the water potentials in all root zone soil
layers. Therefore, describing RWU distributions when soil
water potentials are not uniform using a stress function that is
defined assuming a uniform soil water potential is contradic-
tory. This problem is avoided when using supply ratios since
the supply ratio in a soil layer can be defined as a function of
the soil water potential in that layer without making assump-
tions about the water potentials in other layers. It must be
noted that this property of supply ratios hinges on the approxi-
mation of the upscaled root system architecture by the parallel
root model. Although the parallel root model was shown to
represent a few exemplary root hydraulic architectures with
realistic root hydraulic parameters accurately (Vanderborght
et al., 2021), a more general testing of this model is still
standing out.

Another problem with the a-stress function is that they
relate to water stress and do not provide information on how
RWU should be redistributed over the root zone when there is
no stress. When there are no dry layers in the soil profile, @ =
1 in all soil layers, and the RWU distribution is proportional to
the SUF distribution or its proxy the nrld. This implies that it
is not possible to link the RWU distribution using the a-stress
function with the flow between the soil and the root system
and within the root system when the soil water potentials vary
with depth and when the soil is wet or transpiration demand
is very low or zero.

Following Jarvis (2011), we redefined a-functions as the
ratio of the maximal possible RWU for the given soil water
potential to the maximal possible uptake when the soil is sat-
urated. By redefining the a-stress functions as supply ratio
functions, redistribution of water uptake is also simulated in
cases when there is no supply limitation anywhere in the root
zone. Since the newly defined a functions are not directly
related to the occurrence of water stress, they are not depen-
dent on the transpiration demand. This implies that critical
supply ratio factor w, is now a function of the transpira-
tion demand. By including the root hydraulic properties in
the definition of @ and w functions, spurious redistribution
of RWU under wet soil conditions, which were observed by
Jarvis (2011), who considered only perirhizal conductances
(see figs. 2 and 3 in Jarvis (2011)), are no longer simulated.

When the perirhizal resistance can be neglected, the macro-
scopic functions represent the root hydraulics exactly. Since
the root hydraulic properties are assumed not to depend on the
water potentials, the macroscopic uptake functions are linear
functions of the water potentials at the soil-root interfaces.
When perirhizal conductances are considered, the obtained
relations represent the soil and root hydraulics exactly when
the transpiration demand cannot be met by the uptake and
the water potential at the root collar is equal to the wilting
water potential. The nonlinear soil hydraulic properties lead

to nonlinear relations between the macroscopic functions and
the bulk soil water potential. When transpiration demand can
be met by the RWU and the root collar water potential is
higher than the wilting water potential, an approximation is
needed to calculate the uptake distribution directly from bulk
soil water potentials and the potential transpiration. A com-
parison with simulations by a mechanistic soil-root hydraulic
model showed that the approximations did not lead to large
differences in simulated transpiration rates or RWU profiles.

When accounting for the root hydraulic properties and
neglecting perirhizal zone resistances, the maximal supply
rate when the soil is wet can be calculated without making
assumptions about the variation of soil hydraulic properties
with depth. Jarvis (201 1) had to assume uniform soil hydraulic
properties with depth when defining the maximal supply rate
when the soil is wet, so that RWU uptake functions could only
be derived for vertically uniform soil profiles but not for soil
profiles that consist of layers with different hydraulic proper-
ties. This limitation is now overcome, and supply ratios can
be calculated for each soil layer with different soil properties,
soil water potentials, and root properties.

The mechanistic RWU model that we used to derive the
mechanistic RWU functions is analogous to the RWU model
introduced by de Jong van Lier et al. (2013). One difference
between the two models is the parameterization of root resis-
tances. de Jong van Lier et al. (2013) attribute the resistance
to flow in the root system solely to radial flow in the roots
from the soil-root surface to the xylem tissue, whereas the
resistance to the axial flow in the root xylem, which is con-
sidered in our approach, is neglected. However, since we use
a parallel root system model, the effective root resistance only
depends on the sum of the axial and radial root resistances but
not on how the radial and axial resistances compare to each
other. As a consequence, this difference can be resolved by a
reparameterization of radial root resistances that are used in
the de Jong van Lier et al. (2013) model so that they include
a depth-dependent additional axial flow resistance. Vander-
borght et al. (2021) illustrated that a parameterization of the
parallel root model based on root hydraulics leads to a more
accurate prediction of the RWU distribution than a parame-
terization that only considers radial root resistances. Another
difference between the two model approaches is that we do not
consider a root-to-shoot resistance and use the water poten-
tial at the root collar to evaluate whether transpiration reduces
compared to the potential transpiration. This difference is
more fundamental, and we are currently evaluating how it
influences supply ratios and mechanistic RWU functions.

Using a, w, and ., the uptake can be derived directly from
the bulk soil water potential and the potential transpiration
without calculating the collar water potential, so that itera-
tive solutions are avoided. This speeded up the simulations
considerably. Interpolation tables with pairs of H,¢ and a val-
ues were calculated for each numerical soil layer before the
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start of a simulation, and a values were derived for simu-
lated Hy, values by interpolation. When root systems develop
over time, the interpolation tables must be adapted over time.
When root system development is not dependent on the simu-
lated RWU or plant stress, a time series of interpolation tables
can be calculated before the start of the simulation. If feedback
between root system development and plant water stress is
considered, the interpolation tables must be calculated during
the simulation.

Considering root system properties and how they change in
response to water stress was found to be important to assess
the sensitivity of crops to drought stress using crop growth
models (Nguyen et al., 2022, 2020). Water flow in the soil—-
plant systems and the relationship between crop water stress
and soil water content in the root zone are simulated in many
crop models using empirical functions. Jarvis et al. (2022)
argued that these empirical models have as many, if not more,

parameters than macroscopic physics-based models. Further-
more, since these empirical functions and parameters are not
linked directly to observable or measurable soil and root prop-
erties, information about these properties cannot be used to
parameterize these functions. Empirical RWU and soil water
flow modules used in crop models have been coined the ele-
phant in the room by Jarvis et al. (2022), standing in the way
of badly needed model improvements that would enhance the
reliability of model predictions for future climates, new and
improved crop varieties, and changes in management prac-
tices. In our view, the simple mechanistic RWU function
described in this paper can help pave the way for the elephant
to leave the room.
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