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Abstract The flow of water between soil and plants follows the gradient in water potential and depends
on the hydraulic properties of the soil and the root. In models for root water uptake (RWU), it is usually
assumed that the hydraulic properties near the plant root (i.e., in the rhizosphere) and in the bulk soil are
identical. Yet a growing body of evidence has shown that the hydraulic properties of the rhizosphere are
affected by root exudates (specifically, mucilage) and markedly differ from those of the bulk soil. In this
work, we couple a 3-D detailed description of RWU with a model that accounts for the rhizosphere-specific
properties (i.e., rhizosphere hydraulic properties and a nonequilibrium relation between water content and
matric head). We show that as the soil dries out (due to water uptake), the higher water holding capacity of
the rhizosphere results in a delay of the stress onset. During rewetting, nonequilibrium results in a slower
increase of the rhizosphere water content. Furthermore, the inverse relation between water content and
relaxation time implies that the drier is the rhizosphere the longer it takes to rewet. Another outcome of
nonequilibrium is the small fluctuation of the rhizosphere water content compared to the bulk soil. Overall,
our numerical results are in agreement with recent experimental data and provide a tool to further examine
the impact of various rhizosphere processes on RWU and water dynamics.

1. Introduction

Root water uptake (RWU) is a key component of the hydrological cycle, accounting for 80–90% of the total
terrestrial evapotranspiration [e.g., Jasechko et al., 2013]. Essentially, all the water used by plants is extracted
from the soil by the roots. Water fluxes in the soil-plant system follow water potential gradients along flow
path and are largely controlled by the hydraulic properties of the soil and the root system [Tuzet et al., 2003;
e.g., Garrigues et al., 2006]. The water flow around a root segment between the bulk soil and the soil-root
interface can be represented by the radial Richards equation [e.g., Gardner, 1960; de Jong van Lier et al.,
2007; Schroeder et al., 2008]. In the root system, when water capacity is neglected, water potential and flux
distributions between soil-root interface and root collar can be modeled with simple equations similar to
Ohm’s law [Landsberg and Fowkes, 1978; Doussan, 1998]. Root-soil interface water potential distribution is
thus crucial to estimate water uptake distribution and soil water redistribution. Recently, numerical models,
which couple soil and root system equation to resolve the 3-D distribution of water flow in the soil-plant
system, have been proposed [Garrigues et al., 2006; Javaux et al., 2008; Schneider et al., 2009].

Typically, soil-root interface and the bulk soil properties are considered as being the same in root water
uptake simulations. Yet for many years, it has been known that the soil in close vicinity of the root (i.e., the
rhizosphere) has unique biological, chemical, and physical properties (the term rhizosphere was coined by
Lorenz Hiltner in 1904 [see Hartmann et al., 2007]). While the biological and chemical properties of the rhizo-
sphere have been studied for many years [e.g., Rovira, 1956], the physical properties of the rhizosphere and
their impact on water flow and RWU are just now beginning to receive more attention [e.g., Carminati and
Vetterlein, 2013].

Recently, neutron tomography studies demonstrated that during period of drying the water content in the rhi-
zosphere is greater than in the bulk soil [Carminati et al., 2010; Moradi et al., 2011]. This is a nonintuitive find-
ing as if there was no difference between the hydraulic properties of the bulk soil and the rhizosphere, we
would expect a decrease in water content with a decreasing distance to the root surface. In addition, after
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wetting dry soil, Moradi et al. [2011] showed that while the water content in the bulk soil rapidly increases, the
rhizosphere remains drier. In this case, only after approximately 24 h from rewetting, the water content in the
bulk soil and in the rhizosphere seems to equalized (similar drying-wetting dynamics were also reported by
Carminati [2013], Carminati and Vetterlein [2013], and Moradi et al. [2012]). To explain this nontrivial water
dynamics behavior in the rhizosphere, Carminati and Vetterlein [2013] suggested that mucilage released by
the root alters the hydraulic properties of the rhizosphere, hence explaining the observed drying-wetting
dynamics. The most relevant mucilage properties are its high water holding capacity [Ahmed et al., 2014; Ghez-
zehei and Albalasmeh, 2015; McCully and Boyer, 1997] , its relatively low surface tension [Read and Gregory,
1997], and the relatively high viscosity of mucilage [Kroener et al., 2014; Zarebanadkouki and Carminati, 2014].
Aravena et al. [2013] suggested that compaction of the rhizosphere by the root can also explain the increase
in the rhizosphere water holding capacity [see also Daly et al., 2015].

Carminati [2012] recently developed a model that couples rhizosphere processes and RWU. In this 1-D model,
two regions are defined: the bulk soil and the rhizosphere. Each of these regions is characterized by a set of
homogeneous hydraulic functions (retention curve and hydraulic conductivity) and for the rhizosphere none-
quilibrium between water content and matric head is also considered. Using a steady-rate approximation (i.e.,
@h=@t5const:), an analytic solution of the model was proposed. The model was able to reproduce the
observed water dynamics in the rhizosphere. Kroener et al. [2014] used the conceptual model of Carminati
[2012] and developed a numerical solution for the soil-rhizosphere flow problem (in this model RWU was not
considered). Kroener et al. [2014] assumed a gradual transition in the rhizosphere properties (as a function of
distance from the root). This model was tested against an experiment in which the water dynamics of soil
mixed with mucilage was measured. The agreement between the model and the experiment reported by Kro-
ener et al. [2014] supports the model assumptions with regard to the impact of mucilage on rhizosphere prop-
erties and hence on water dynamics (a detail description of the model is given in section 2).

The specific hydraulic properties of the rhizosphere may have an impact on RWU distribution and dynamics.
For instance, it could be expected that the high water adsorption capacity of mucilage affects the rhizo-
sphere water retention curve by increasing the water content of the rhizosphere for a given matric head. In
turn, the increased water content would result in a higher hydraulic conductivity of the rhizosphere. A
change in rhizosphere hydraulic conductivity may alter the soil-root interface potential for a given local
uptake. At the root system scale, the distribution of the rhizosphere properties will change the spatial distri-
bution of hydraulic conductivity and potential at the soil-root interface and also RWU spatial distribution. If,
in addition, rhizosphere dynamics differs from bulk soil, it could also be expected that the stress onset will
be impacted. Modeling the soil-rhizosphere-plant system with a mechanistic approach may thus help to
decipher the impact of rhizosphere properties on magnitude and distribution of uptake.

The objective of this work is to assess how small-scale processes in the rhizosphere affect plant scale
response such as stress onset, RWU distribution, and water dynamics in the soil. To achieve this goal, we
coupled, for the first time, a detailed 3-D RWU model and a model that considers rhizosphere hydraulic
properties (retention and conductivity functions) and nonequilibrium between water content and matric
head.

2. Model Description

In this section, we briefly describe the main equations used to couple the rhizosphere and the soil-plant
model.

2.1. Main Flow Equations
To account for the impact of rhizosphere properties on RWU, we coupled a 3-D model for water flow in soil
and root (R-SWMS) [see Javaux et al., 2008] with the rhizosphere model developed by Kroener et al. [2014].
We start with the classical 3-D Richards equation [Richards, 1931] for soil water flow

@hT

@t
5r � Krðh2zÞ½ �2S (1)

where hT ðcm3cm23Þ is the total volumetric water content in the soil, K ðcm d21Þ is the hydraulic conductiv-
ity, h ðcmÞ is the matric head, z ðcmÞ is the gravitational head (positive downward), and S ðcm3 cm23 d21Þ is
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the water sink term (positive for uptake). The total water content in a soil element is the sum of the relative
contribution of water content in pores with and without mucilage:

hT 5Rhb1ð12RÞhm (2)

where R 5 12Vm=Vp is a weighting factor that accounts for the volume fraction of pores not occupied by
mucilage, and it tends to 1 far away from roots. Vm is the volume of pores invaded by mucilage, and Vp is
the total pore volume. The water content in the fraction of pores with and without mucilage is hm and hb,
respectively.

Nonequilibrium dynamics in the rhizosphere is introduced with a kinetic equation [Hassanizadeh et al.,
2002; Kroener et al., 2014]

@hm

@t
5

1
sðhmÞ

ðh2heqÞ (3)

where s ðcm dÞ is the relaxation time and heq ðcmÞ is the ‘‘equilibrium pressure head,’’ to which the actual
matric head converge for a long equilibration time with no change of boundary conditions. Nonequilibrium
arises from the noninstantaneous swelling/shrinking of the gel network, during imbibition/drainage [Kro-
ener et al., 2014]. Note that according to equation (3), the system reaches equilibrium when h5heq and that
the rate of this process depends on the relaxation time (large relaxation time means slow change in water
content and hence long time to reach equilibrium).

Taking the time derivative of equation (2) and using equations (1) and (3), we get the main flow equation in
the soil

@hT

@t
5R

@hb

@t
1ð12RÞ 1

s
ðh2heqÞ5r � Krðh2zÞ½ �2S (4)

Using the definition for specific soil water holding capacity ðCb5@hb=@hÞ, we can write equation (4) in terms
of matric head

RCb
@h
@t

1ð12RÞ 1
s
ðh2heqÞ5r � Krðh2zÞ½ �2S (5)

Note that when R51 (i.e., the volume of mucilage is zero), the second term on the left-hand side of equa-
tion (5) is canceled and we have the classical Richards equation.

2.2. Hydraulic Properties
The water retention curve for both the bulk soil and rhizosphere is modeled based on Brooks & Corey func-
tion [Brooks and Corey, 1964].

H5
hcr=hð Þk ; h < hcr

1 ; h � hcr

(
(6)

where H5ðh2hrÞ=ðhs2hrÞ is the water saturation degree, hs and hr are the saturated and residual water
content, respectively, hcr ðcmÞ is the critical matric head (also known as the air entry value), and k is a fitting
parameter. As suggested by Kroener et al. [2014], the relationship between rhizosphere water content and
the equilibrium pressure head ðheqÞ is given by

heq5hðhT Þ2xo
cw

hm

� �b

(7)

where x0 ðcmÞ and b are fitting parameters and cw5ðctotqbÞ=ðhmqwÞ is the concentration of mucilage in
water, ctot ðg g21Þ is the ratio between dry weight of mucilage to dry weight of soil, qb and qw (unit of
g cm23) are the bulk soil and water density, respectively. The equilibrium retention curve (equation (7))
means that at a given soil water content, the presence of mucilage decreases the soil matric potential. Fur-
thermore, higher concentration of mucilage results in a higher water retention curve (for more details, see
Kroener et al. [2014]).
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A modified hydraulic conductivity function, which is based on the Mualem-Brooks-Corey model [Brooks and
Corey, 1964; Mualem, 1976] and that consider mucilage viscosity is given by [Ahmed et al., 2014]

K5
1

lðcwÞ
Kb (8)

where l 511mcd
w is the relative viscosity of mucilage (compared to water), m and d are unitless fitting

parameters and Kb5KsHT
2=k121L is the unsaturated hydraulic conductivity function where Ks ðcm d21Þ is

the saturated hydraulic conductivity and L is a fitting parameter. Note that wherever mucilage concentra-
tion is zero, equation (8) reduces to its classical form.

Lastly, the relaxation time, which accounts for the rate of the system to reach equilibrium is related to the
water content. The reason is that with decreasing water content the average distance between the poly-
mers decreases too. A power law relation between water content and relaxation time was found to well rep-
resent the experimental results [Kroener et al., 2014]

s5hm
2cs0 (9)

where c and s0 ðcm dÞ are fitting parameters.

The sink term S in equation (5) is calculated by explicitly solving the radial and axial flows in the 3-D root
system [Javaux et al., 2008]. For one root segment of length l, the radial flow Jr ðcm3 d21Þ between the soil
and the root is given by

Jr5kr Ar h2hxð Þ (10)

where kr ðd21Þ is the intrinsic radial conductivity of the root, Ar ðcm2Þ is the outer surface area of a root seg-
ment, and hx ðcmÞ is the xylem pressure head. The axial flow Jx ðcm3 d21Þ (i.e., flow in the xylem) is

Jx52kx
Dhx

l
1

Dz
l

� �
(11)

where kx ðcm3 d21Þ is the xylem conductivity. The system of equations is closed by applying boundary con-
dition at the root collar (the upper most part of the xylem). The Sink can then be calculated by integrating
the radial fluxes per soil voxel j with

Sj5

Xn

i

Jr;i

Vj
(12)

where Vj ðcm3Þ is the volume of the soil voxel and n is the number of root segments within voxel j.

3. Material and Methods

3.1. Scenario Descriptions
To account for the impact of mucilage on RWU and to isolate the effects of rhizosphere hydraulic properties
and nonequilibrium on water flow and root water uptake, three different scenarios were considered. The
first scenario, ‘‘Control,’’ solves the classical Richards equation where both the rhizosphere and the bulk soil
properties are identical and no kinetic equation is considered. The soil hydraulic properties (sandy soil) for
this scenario were obtained from Kroener et al. [2014] and are reported in Table 1. In the second scenario,
‘‘Static,’’ the hydraulic properties of the rhizosphere differ from those of the bulk soil, but an equilibrium
between the water potential and the water content is assumed (no kinetic equation). In other words, in this
scenario, we solve equation (1) but we define two regions, the rhizosphere and the bulk soil each with a dif-
ferent hydraulic properties (retention and conductivity functions). We obtained the Brooks and Corey
parameters set for the ‘‘Static’’ scenario by solving equation (7) for heq and fitting the heqðhÞ relationship to
equation (6). The resultant Brooks and Corey parameters for the ‘‘Static’’ scenario are kr50:33 and
hcr;r5225:9 cm. In addition, in this scenario, the impact of mucilage on the hydraulic conductivity function
of the rhizosphere was also considered (see equation (8)). In Table 2, the relevant parameters set for the
‘‘Static’’ scenario are given. Note that the bulk hydraulic properties of this scenario are identical to the ‘‘Con-
trol’’ scenario (i.e., for the bulk soil, the parameters are given in Table 1 and for the rhizosphere in Table 2).

Water Resources Research 10.1002/2015WR018150

SCHWARTZ ET AL. RHIZO-RSWMS 267



In the ‘‘Dynamic’’ scenario, the full coupled model
presented in section 2 is considered. The hydraulic
properties of the rhizosphere for this scenario are
identical to the ‘‘Static’’ scenario and are given in
Table 2. The bulk soil properties for the ‘‘Dynamic’’
scenario are identical to the ‘‘Control’’ and ‘‘Static’’
scenarios (Table 1). The difference between the
‘‘Dynamic’’ and ‘‘Static’’ scenarios is that in the former

nonequilibrium is also considered. As mentioned before, nonequilibrium results in a nonunique relation
between the water content and the matric head. Therefore, despite the fact that the hydraulic parameters
of the ‘‘Static’’ and ‘‘Dynamic’’ scenarios are identical, the retention and hydraulic conductivity functions of
the ‘‘Dynamic’’ scenario also depend on the relaxation time and on the history of the water content. Note
that since the rhizosphere in this work is defined to occupy one soil voxel around the root, for both the
‘‘Dynamic’’ and ‘‘Static’’ scenarios, the weighting factor that accounts for the volume fraction of pores occu-
pied by mucilage (R) is constant. The value of R (see Table 2) was chosen with accordance to Ahmed et al.
[2014].

3.2. Domain Geometry, Boundary, and Initial Conditions
As our first objective was to investigate interactions between rhizosphere and water uptake processes, a
simple scenario was set up with a single root into a small container and a fine spatial resolution in order to
accurately simulate soil water potential gradients. The model domain is a 33338 cm3 box. The domain is
discretized into 7:23104 cubical elements of 0:130:130:1cm3 each. A single root of 5 cm long and 1 mm
in diameter is located in the middle of the domain. A simple young root with a constant intrinsic radial con-
ductivity of 1:931024 day21 and axial conductance of 4:3231022 cm3 d21 was chosen [Doussan, 1998]. An
isohydric root boundary condition is defined at the root collar according to:

BCcollar5
TpðtÞ ; Hcollar > Hstress

Hstress ; else

(
(13)

where TP ðcm3 d21Þ is the potential transpiration, Hcollar ðcmÞ is the total water head at the root collar, and
Hstress5223103 cm is the lowest allowable value of the total collar water head. That is, as Hcollar5Hstress, the
potential transpiration cannot be met by the soil and the plant experience water stress, i.e., the actual water
collar flux is lower than the potential one ðTpÞ.

For each scenario (‘‘Control,’’ ‘‘Static,’’ and ‘‘Dynamic,’’ see section 3.1), three different setups were examined;
drying soil, wetting soil, and drying and wetting cycles. In the drying setup, the soil (hðt50Þ52150 cm) is
exposed to a constant potential transpiration Tp50:5 cm3 d21� �

. The boundaries of the soil domain were set
to zero flux. The wetting setup started at day 10 of the drying (i.e., the initial condition of the wetting was
determined by the last time step of the drying). In this setup, a short flux was introduced from the top bound-
ary of the domain ðqtop555:55 cm d21 for 0:01 day; i:e:; � 5 cm3Þ. The amount of water added in this

setup is equal to the potential transpiration. In order to investi-
gate the impact of rhizosphere processes on the rewetting of
a very dry soil (note that the lowest possible matric head in
the drying setup is confined by Hstress), we also run a simula-
tion in which an initially dry soil hðt50Þ5213104 cm

� �
is

exposed to a flux of water ðqtop5730 cm d21 for 0:02 day; i:e
:; � 131 cm3Þ from the upper boundary of the domain. In
this case, the bottom boundary of the domain was set to free
drainage. In order to reach saturated conditions, the flux was
chosen to be equal to the saturated hydraulic conductivity
ðqtop5KsÞ.

In the third setup (drying and wetting cycle), the daily poten-
tial transpiration was also set to 0:5 cm3 d21. In this setup,
the soil was uniformly irrigated from the top ðqtop5150 cm
d21 for 0:05 dayÞ every 15 days. In this setup, the amount of

Table 1. Hydraulic Properties of the Soil (Bulk 1 Rhizo-
sphere) for the ‘‘Control’’ Scenarioa

hs hr k hcr ðcmÞ Ks ðcm d21Þ L

0.41 0.02 0.7 213.6 732 2

aNote that those properties were also used as the bulk
soil properties for all the scenarios used in this study.

Table 2. Parameter Set for the Hydraulic Properties of
the ‘‘Static’’ and ‘‘Dynamic’’ Scenariosa

Parameter Unit value

x0 cm 1:223106

b 3.8
cT g g21 0.0125
qb g cm23 1.65
qw g cm23 1.0
m 566
d 1.4
s0 cm d 160
c 4
R 0.286

aThe parameters were obtained from Kroener et al.
[2014] and Ahmed et al. [2014]. Note that these param-
eters are only valid for the rhizosphere. For the bulk
soil, see Table 1.
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water added at each cycle is 9 times higher than the potential transpiration for that period, so the initial
condition at the beginning of each cycle did not depend on the final conditions of the previous cycle. In
addition, the flux was low enough to keep the soil unsaturated. The two different initial conditions that
were used in the wetting setup were also used here (2150 and 215,000 cm). With this scenario, we wanted
to investigate whether cumulative effect of the rhizosphere-specific processes could occur.

4. Results

4.1. Drying Soil
In the drying setup, a soil with an initial uniform matric head ðh52150 cmÞ is exposed to a constant tran-
spiration demand (see equation (13)) which results in a water depletion in the rhizosphere and in the bulk
soil (see Figure 1). Half a day from the beginning of the simulation, two patterns of water content distribu-
tions are observed. For the ‘‘Control’’ scenario, a homogeneous soil water distribution develops while for the
‘‘Static’’ and ‘‘Dynamic’’ scenarios, the water content in the rhizosphere (close to the root, around x 5 0) is
higher than in the bulk soil (far from the root). Those patterns illustrate how the differences between the
hydraulic properties of the rhizosphere and the bulk soil affect water content distribution in the soil.

With time, water distribution patterns develop differently between scenarios. As expected, for the ‘‘Control’’
scenario, the rhizosphere becomes dryer than the bulk soil. This is the expected distribution since it is com-
monly assumed that the bulk and rhizosphere hydraulic properties are identical [Roose and Fowler, 2004;
Doussan et al., 2006; Javaux et al., 2008; Schneider et al., 2009]. For both the ‘‘Static’’ and ‘‘Dynamic’’ scenarios,
the water content in the rhizosphere is higher than in the bulk soil. For example, at t510 days, the bulk and
rhizosphere average water content for the ‘‘Static’’ scenario are 0.053 and 0.089, respectively. For the
‘‘Dynamic’’ scenario, the difference between the bulk and rhizosphere water content is higher (average

Figure 1. A vertical cross section (y 5 0) of the water content distribution for the different scenarios at different times. Note that the x and
z axis represent the width and depth (in cm) of the domain, respectively, and that for better visibility of the root-soil interface, the horizon-
tal and vertical scales are not equal.
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water content of 0.052 for the bulk soil and 0.118 for the rhizosphere). Under those conditions, nonequili-
brium dynamics between water content and matric head results in a wetter rhizosphere and a drier bulk
soil. That is as the rate of change in water content under nonequilibrium condition is lower than under equi-
librium condition (see, for example, equation (4)).

The hydraulic properties of the rhizosphere (obtained by plotting the model results at x5y50; z522) for
the different scenarios are shown in Figure 2. For the ‘‘Static’’ and ‘‘Control’’ scenarios, both the retention
and the conductivity functions are identical to the curves that would be obtained if we simply plotted equa-
tions (6) and (8) (i.e., the hydrostatic curves), while for the ‘‘Dynamic’’ scenario, the retention curve cannot
be calculated a priori (this is due to the nonequilibrium between water content and matric head).

In Figure 2b, the evolution of hydraulic conductivity values as a function of the matric head absolute values
are shown for the different scenarios. The hydraulic conductivity curves of the ‘‘Static’’ and ‘‘Dynamic’’ sce-
narios cross each other. For matric heads lower than 2300 cm (dryer soil), the hydraulic conductivity of
‘‘Dynamic’’ scenario is higher than the ‘‘Static’’ one. Furthermore, the slope of the ‘‘Dynamic’’ conductivity
curve is much smaller than the slopes of the ‘‘Static’’ and ‘‘Control’’ scenarios. This is because the range of
water content for the ‘‘Dynamic’’ scenario is the lowest (see Figure 2a). Note that the same relation between
conductivity and water content is observed for the ‘‘Static’’ and ‘‘Dynamic’’ scenarios (Figure 2c).

In Figure 3a, the xylem total water head at the root collar ðHcollarÞ as a function of time is shown for the different sce-
narios (recall that the collar is the upper most part of the root). Until 1 day from the beginning of the simulations,
Hcollar is similar for all scenarios. A steep decrease in Hcollar is first observed for the ‘‘Control’’ scenario and then for the
‘‘Static’’ and the ‘‘Dynamic’’ scenarios. For the ‘‘Control’’ scenario, stress starts (the time where Hcollar5223103 cm for
the first time) at day 2.75 while for the ‘‘Dynamic’’ and ‘‘Static’’ scenarios, stress onset at day 3.2 (i.e., 10 h after stress
onset of the ‘‘Control’’ scenario). The lag in the stress onset for the ‘‘Dynamic’’ and ‘‘Static’’ scenario is due to the big-
ger rhizosphere hydraulic conductivity in those scenarios (see Figure 2b) and the resultant smaller hydraulic gradient
required to sustain transpiration demand. As soon as Hcollar5223103 cm, transpiration rate starts to decrease (see
Figure 3b). The relative transpiration (ratio between actual and potential transpiration) for both the ‘‘Static’’ and

Figure 2. Relation between water content, matric potential, and hydraulic conductivity in a point of the rhizosphere during the drying
period for the different scenarios. The retention curve is shown in Figure 2a, the hydraulic conductivity as a function of matric head abso-
lute value and water content are shown in Figures 2b and 2c, respectively. The bulk hydraulic properties of both the ‘‘Dynamic’’ and ‘‘Static’’
scenarios (i.e., far from the root) are identical to the properties on the ‘‘Control’’ scenario. Note that the data were obtained from the model
results at one point (0, 0, 22).
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‘‘Dynamic’’ scenarios are similar. For those scenarios, the decrease in transpiration starts later (compared to the ‘‘Con-
trol’’ scenario) and the curves of the different scenarios meet after day 7 (see Figure 3b).

In Figure 4, the sink profiles for the different scenarios at three different times (1, 4.5, and 9.5 days from the begin-
ning of the simulation) are shown. Initially (i.e., at day 1), a similar homogenous profile of the sink term is observed
for all the scenarios. With time, each of the scenarios develops a different profile but for all the scenarios, the
uptake is smaller at the upper part of the profile and larger at the bottom of the root. This is due to the vertical
fluxes in the profile and the fact that only the apical root nodes received water from three directions. Another
interesting observation is that the sink profiles for the ‘‘Dynamic’’ scenario are more uniform than for the ‘‘Static’’
and the ‘‘Control’’ scenarios. This is as the vertical fluxes for the ‘‘Dynamic’’ scenario are also controlled by the none-
quilibrium process (see equation (5)) and therefore impeded. The outcome is a more homogeneous water content
distribution around the roots (see, for example, Figure 1, where the rhizosphere water content distributions at day
5 for the ‘‘Dynamic’’ and ‘‘Static’’ scenarios are shown), and therefore more homogeneous hydraulic conductivity,
which further results in a more homogeneous sink profile (i.e., a positive feedback process).

4.2. Wetting Soil
In Figure 5, a vertical cross section (y 5 0) of the water content distribution at different times (starting at
t510:05 day, where the results for t510 day are show in Figure 1) and for the different scenarios are shown.

Recall that the dry soil was wetted with a
flux of 55:55 cm=d for 14.4 min (between
10 and 10.01 day). At t510:05 day, the
water content above the wetting front for
the ‘‘Control’’ scenario is relatively homo-
geneous. With time, the wetting front
advanced forward. Due to transpiration,
the water content in the rhizosphere
decreases more rapidly than in the bulk
soil (see the lowest right most plot in Fig-
ure 5). In contrast, for the ‘‘Static’’ sce-
nario, where the hydraulic properties of
the rhizosphere are different from the
bulk soil properties (see Figures 3a and
3b), the water content in the rhizosphere
is much higher than in the bulk soil (recall
that for the ‘‘Static’’ scenario the rhizo-
sphere water holding capacity is higher
than the bulk soil).

Figure 3. Water head at the (a) root collar and (b) relative transpiration (ratio between the actual and potential transpiration) as a function
of time for the different scenarios. Note that stress onset is defined as the time where the collar water potential is equal to 223103 cm.

Figure 4. Sink profiles for the different scenarios at different times (1, 4.5, and
9.5 days from the beginning of the simulation).
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For the ‘‘Dynamic’’ scenario, the water content in the rhizosphere is higher than in the bulk soil but the rate
of change of the rhizosphere water content is lower than that of the bulk soil. For example, the rate of
change in the average water content ðDh=DtÞ at the bulk soil and at the rhizosphere between day 10 and
day 10.05 is 0:59 and 0:33 day21, respectively. Note that for both the ‘‘Static’’ and ‘‘Control’’ scenarios, the
rate of change in the average rhizosphere water content is higher than for the bulk soil (3 and 4 times
higher, respectively). The slower rewetting of the rhizosphere demonstrated here is in a qualitative agree-
ment with the experimental results reported by Carminati et al. [2010] and Moradi et al. [2012].

In Figure 6, the water content distribution for the rewetting of dry soil hðt50Þ5213104 cm
� �

is shown. Of
most interest is the smaller water content at the rhizosphere of the ‘‘Dynamic’’ scenario (at days 0.12 and
0.14) compared to the bulk soil of this scenario and to the rhizosphere water content of the ‘‘Static’’ and
‘‘Control’’ scenarios. As discussed above, the slower rewetting of the rhizosphere for the ‘‘Dynamic’’ scenario
is a result of the nonequilibrium between the water content and matric head (see equation (3)). Further-
more, the relaxation term in equation (3) is inversely related to the water content (equation (9)) and there-
fore, the drier the rhizosphere, the longer it will take to rewet.

4.3. Drying and Wetting Cycles
To illustrate the impact of nonequilibrium kinetics on the rhizosphere water content during a drying/wet-
ting cycles, the matric head as a function of water content for the ‘‘Static’’ and ‘‘Dynamic’’ scenarios and for
the two initial condition (initially wet, IW and initially dry, ID) is shown in Figure 7a (at one point in the rhizo-
sphere, i.e., at x 5 y 5 0; z 5 22 cm). Regardless of the initial condition, the ‘‘Static’’ curves are just a reflec-
tion of the rhizosphere retention curve (i.e., the hydrostatic retention curve is identical to the hydrodynamic
curve). This is also the case for the ‘‘Control’’ scenario (not shown). In contrast, for the ‘‘Dynamic’’ scenario,
each wetting/drying cycle is associated with a different matric head—water content relation. Furthermore,

Figure 5. A vertical cross section (y 5 0) of the water content distribution for different scenarios at different times after imposing an inward
water flux from the top. Note that that the x and z axis represent the width and depth (in cm) of the domain, respectively (for more clarity
not shown in the figure). For better visibility of the root-soil interface, the horizontal and vertical scales are not equal.
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the initial condition has a strong effect on the hðhÞ relationship of the ‘‘Dynamic’’ scenario, but with time,
the impact of initial conditions weakens and the difference between the ‘‘Dynamic_IW’’ and the ‘‘Dynami-
c_ID’’ curves becomes smaller (see also Figure 7b).

An outcome of the nonequilibrium relationship between water content and water matric head for the
‘‘Dynamic’’ scenario is the relatively narrow range of water content values in the rhizosphere experienced
during the whole simulation. For example, the water content range for the ‘‘Dynamic_IW’’ and the ‘‘Dynami-
c_ID’’ are 0:11 � h � 0:16 and 0:05 � h � 0:13, respectively. For the ‘‘Static’’ scenario, the water content
range is 0:09 � h � 0:29 (see Figure 7b).

In Figure 8, the evolution of transpiration for the different scenarios is shown. The first observation to be
made is that stress onset is first occurring for the ‘‘Control’’ scenario and that the total amount of water
transpired in this scenario is the lowest (note that this is true regardless of the initial condition; see Fig-
ures 8a and 8b). Starting with initially wet soil (Figures 8a, 8c, and 8d), stress onset and the actual tran-
spiration of the ‘‘Static’’ and ‘‘Dynamic’’ scenarios are similar. For example, following the second irrigation
cycle (starting at day 15) of the initially wet soil, stress onset after an irrigation event for the ‘‘Static’’ and
‘‘Dynamic’’ scenarios are 7.07 and 6.9 days, respectively (note that for the ‘‘Control’’ scenario stress onset
is 6.62 days after irrigation event; see Figure 8a). For both the ‘‘Control’’ and ‘‘Static’’ scenarios, stress
onset is not affected by the initial condition. For initially dry soil, stress onset of the ‘‘Dynamic’’ scenario
change between irrigation cycles. This is further illustrated in Figure 9 where the difference in stress
onsets between the ‘‘Dynamic_IW’’ and the ‘‘Dynamic_ID’’ is shown. It is interesting to note that with
every irrigation cycle, stress onset of the ‘‘Dynamic_ID’’ scenario occurs later (recall that for the ‘‘Dynami-
c_IW’’ scenario, stress onset does not change between the second and the last cycle). That is as for the

Figure 6. Water content distribution for initially dry soil hðt50Þ52131024 cm
� �

. Between day 0.1 and 0.12, an inward flux of 730 cm/d is
imposed from the upper boundary of the domain. A free drainage boundary condition is imposed at the lower boundary. All other properties
are identical to the wetting setup. Note that for better visibility of the root-soil interface, the horizontal and vertical scales are not equal.
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‘‘Dynamic_ID’’ scenario, the average water content in the rhizosphere increases between irrigation cycles
(see, for example, Figure 7b) which in turn increases the rhizosphere hydraulic conductivity and there-
fore decreases the hydraulic gradient required to sustain transpiration demand.

5. Discussion

In this study, we investigated the impact of mucilage on soil water dynamics and on RWU by means
of numerical simulations with a novel 3-D soil-root model including rhizosphere processes. When we
consider a drying soil, the water content distribution for both the ‘‘Static’’ and ‘‘Dynamic’’ scenarios
(Figure 1) is in qualitative agreement with high-resolution neutron radiography images of soil show-
ing that the water content in the rhizosphere is higher than in the bulk soil [e.g., Carminati et al.,
2010; Moradi et al., 2011]. Wetter rhizosphere results in a higher rhizosphere hydraulic conductivity
(see Figures 2b and 2c). As a result, the gradient required to sustain transpiration demand is higher
for the ‘‘Control’’ scenario (Figure 3a) and stress onset for the ‘‘Static’’ and ‘‘Dynamic’’ scenarios
occurs later (Figure 3b). While this can help plants to transpire under dry condition, a wetter rhizo-
sphere (and therefore dryer bulk soil, see section 4.1) also means that the water reservoirs in the
soil are exhausted more rapidly.

As it can be seen from Figures 5 and 6, for the ‘‘Dynamic’’ scenario, rhizosphere rewetting is a slow process
(compared to the rewetting of the bulk soil or the rewetting of the rhizosphere of the ‘‘Static’’ or ‘‘Control’’
scenarios), which depends on the relaxation time and on the rhizosphere water content prior to the rewet-
ting. Furthermore, due to the inverse relation between the relaxation time and the water content, drier the
rhizosphere the longer it takes to rewet it (see, for example, Figure 7b). During the time that the rhizosphere
rewets, roots have a limited access to water, stress onset appears early (see Figures 8b and 8e), and roots
cannot support the transpiration demand. The time to rewet the rhizosphere depends on mucilage proper-
ties (e.g., degree of hydrophobicity which is accounted for in the relaxation time) and the boundary condi-
tions. In the system examined here, even after five irrigation cycles (with water volume of more than 2
times the pore volume at each irrigation), stress onset for an initially dry rhizosphere appears earlier (see
Figure 9).

Figure 7. (a) Matric head absolute value as a function of water content and (b) water content as a function of time for the ‘‘Dynamic’’ and
‘‘Static’’ scenarios. For each scenario, both initially wet and initially dry (IW and ID, respectively) conditions are shown. The data shown here
are obtained from a point close to the root (x 5 y 5 0; z 5 22 cm). Note that for better visibility in Figure 7a we do not show the full range
of the ‘‘Static’’ scenario water content (0.09–0.29). Also note that for Figure 7b, the first data are from time 0.2 day.
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The results from the drying and wetting setups show that nonequilibrium (‘‘Dynamic’’ scenario) delays the
impact of boundary condition on rhizosphere water content (and therefore also on RWU). In the case when
rhizosphere is wetter than the bulk soil, this delay allows the plant to better support transpiration demand.
On the other hand, the ‘‘temporal isolation’’ of the root from the bulk soil means that the plant response to
stress (e.g., by closing the stomata) will be activated in a delay. If the rhizosphere is drier than the bulk soil,
the plant might experience water stress despite the availability of water at the bulk soil (see, for example,
upper right plot in Figure 6). In this case, leaching of water and nutrient below the root zone is higher.

It is interesting to note that despite large variations in matric head, the fluctuation of the rhizosphere water
content for the ‘‘Dynamic_IW’’ or the ‘‘Dynamic_ID’’ remains relatively small (in contrast to the ‘‘Static’’ or ‘‘Con-
trol’’ scenarios, see Figure 7a). Other natural polymers such as extracellular polymeric substances (EPS) were
also found to decrease fluctuation in hydration condition of porous media [e.g., Or et al., 2007a, 2007b] . Since
the rhizosphere is one of the richest microbial zones in the soil and as microbes play an essential role in plant
nutrition and growth promotion [Marschner et al., 2001], it is possible that another biological function of muci-
lage is to protect rhizosphere bacteria from rapid changes in their vicinity [see also Or et al., 2007b].

Comparing the ‘‘Static’’ and ‘‘Dynamic’’ scenarios shows that in order to capture water content distribution
in the rhizosphere during a wetting process (i.e., slower rewetting of the rhizosphere and rhizosphere that

Figure 8. Transpiration as a function of time for the different scenarios (‘‘Dynamic’’ solid line, ‘‘Static’’ dash line, and ‘‘Control’’ dash dot) and
for the (a) wet and (b) dry initial conditions. Enlargement of the (c) first and (d) last stress period of Figure 8a. Enlargement of the (e) first
and (f) last stress period of Figure 8b.
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is drier than bulk soil), nonequilibrium
has to be included in the flow model
(Figures 5 and 6). On the other hand,
for a drying process, the rhizosphere
of both the ‘‘Static’’ and ‘‘Dynamic’’
scenarios is wetter than the bulk soil
(e.g., Figure 1). Indeed, for wetting
processes, there are two main theo-
retical explanations for the develop-
ment of nonequilibrium in the
rhizosphere. First, the jelly-like proper-
ties of mucilage imply that the rewet-
ting of dry mucilage is a kinetic
process governed by the diffusion
rate of polymer network into water
[Tanaka et al., 1985]. Second, muci-
lage contains amphiphilic substances
(e.g., surfactants) which might show
hydrophobic properties when rewet-
ted [Carminati and Vetterlein, 2013].

Those two mechanisms can be formulated as a nonequilibrium process as they will slow down the increase
in water content of dry rhizosphere. Based on the above, we argue that for a wetting process there are both
theoretical and experimental evidences that justified the introduction of nonequilibrium dynamics in rhizo-
sphere flow models. For a drying process, it is not clear to which extent nonequilibrium is needed to be
included in the flow model and a further research is needed in order to clarify this issue.

6. Conclusion

We have presented a novel detailed 3-D soil-root water flow model that accounts for rhizosphere-specific
processes. Our numerical simulations show that nonequilibrium (due to mucilage exudate) slows down rhi-
zosphere drying and rewetting. As a result, the temporal variations of water content in the rhizosphere
strongly depend on the rhizosphere water content prior to the changes in boundary conditions. That
means, for example, that an irrigation event at wet or dry conditions leads to different behavior such as ear-
lier and longer stress for drier rhizosphere. Furthermore, rhizosphere is characterized by a more homogene-
ous profiles of water content and hydraulic conductivity and therefore (in a positively feedback process)
also of the sink term. Finally, fluctuations in water content in the rhizosphere are lower than in the bulk soil,
so the root surface is less exposed to rapid environmental changes.

Overall, the model provides a tool to further examine the impact of different processes at the rhizosphere
scale on water dynamics and RWU. Some issues that require further investigation are:

1. In this work, we assume that mucilage is evenly distributed along the root. Yet there are evidences sug-
gesting that mucilage concentration and properties change with time [Carminati, 2013]. While in the cur-
rent model, it is simple to consider the spatiotemporal distribution of mucilage an experimental data
and theoretical understanding of mucilage distribution (and probably also mucilage degradation) is still
missing.

2. In the present work, we only considered a single root. That means, for example, that only a qualitative
analysis of the relative contribution of mucilage to RWU was feasible. Analysis of the impact of the root
hydraulic architecture and rhizosphere distribution will be carried out in a further study.

3. The mechanisms causing nonequilibrium in the rhizosphere need to be better understood. Specifically, it
needs to be determined to which extent nonequilibrium between water content and water potential
needs to be considered during a drying process.

4. The impact of root growth on the architecture of the rhizosphere (e.g., bulk density and pore size distri-
bution) and root water uptake need to be studied.

Figure 9. Difference between stress onsets of the initially wet (IW) and initially dry
(ID) ‘‘Dynamic’’ scenarios for each irrigation cycle. Note that except in cyc1 stress
onset of the ‘‘Dynamic_IW’’ scenario did not change between irrigation cycles.
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