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RÊÊã ó�ã�Ù çÖã�»� is an important mechanism that 

dramatically aff ects the spatiotemporal water content dis-

tribution in the upper layers of vegetated soils; however, root 

water uptake processes and their interactions with soil are still 

poorly understood. One reason for this lack of understanding is 

the intrinsic diffi  culty of observing belowground processes and 

assessing soil and root properties. Another reason is the knowl-

edge gap in understanding biological processes governing water 

extraction by roots. New advances in plant biology and the 

extended use of noninvasive techniques have opened new avenues 

for investigating more deeply root water uptake in relation to 

three-dimensional root architecture and soil variability.

Lynch (1995) pointed out that root architecture is a pri-

mary aspect of plant productivity, particularly in environments 

where water and nutrients are scarce. Th e actual root architecture 

of one plant is the result of a tradeoff  between maximizing the 

soil explored for water and nutrients and minimizing the cost of 

energy and C transport (Fitter, 1987). On the other hand, root 

architecture also infl uences soil moisture and nutrient distribu-

tions at the plant scale. Although the impact of one-dimensional 

root distributions on soil water content depletion profi les has 

been shown in numerous studies, the complete root architec-

ture and the root hydraulic properties are also of importance for 

assessing the three-dimensional variability of water distribution 

(Garrigues et al., 2006).

Th e need for more detailed models is also driven by practi-

cal purposes. Green et al. (2006) stressed that spatially variable 

models are needed as we become more precise in our application 

of water, fertilizers, and pesticides to the soil. Th ey suggested that 

current methods to save water, “such as defi cit irrigation and partial 

root zone drying […] will require that root models incorporate 

local variations in water content” (Green et al., 2006, p. 172).

Early modeling eff orts focused on one-dimensional eff ec-

tive root water uptake models (Cowan, 1965; Gardner, 1960), 

whereas more recently modelers have considered two-dimensional 

(de Jong van Lier et al., 2006; Bruckler et al., 2004) and three-

dimensional modeling approaches (Clausnitzer and Hopmans, 

1994; Vrugt et al., 2001) that involve a higher level of complex-

ity in the description of root structure and related soil and plant 

processes. Doussan et al. (2006) coupled water fl ow in the soil 

and within the root xylem by solving both domains iteratively. 
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A��Ù�ò®�ã®ÊÄÝ: CBC, collar boundary condition; RLD, root length density.
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We studied water uptake variability at the plant scale using a three-dimensional detailed model. Specifi cally, we invesƟ -
gated the sensiƟ vity of the R-SWMS model under diff erent plant collar condiƟ ons by comparing computed water fl uxes, 
fl ow variability, and soil water distribuƟ ons for diff erent case scenarios and diff erent parameterizaƟ ons. The relaƟ ve 
radial root conducƟ vity and soil hydraulic conducƟ vity were shown to control the plant water extracƟ on distribuƟ on. 
Highly conducƟ ve soils promote water uptake but at the same Ɵ me decrease the variability of the soil water content. A 
large radial root conducƟ vity increases the amount of water extracted by the root and generates very heterogeneous 
water extracƟ on profi les. Increasing the xylem conducƟ vity has less impact because the xylem is generally the most 
conducƟ ve part of the system. It was also determined that, due to the diff erent magnitudes of soil and root conduc-
Ɵ viƟ es, similar one-dimensional sink-term profi les can result in very diff erent water content and fl ux distribuƟ ons at 
the plant scale. Furthermore, an analysis based on soil texture showed that the ability of a soil to sustain high plant 
transpiraƟ on demand cannot be predicted a priori from the soil hydraulic properƟ es only, as it depends on the evapo-
raƟ ve demand and on the three-dimensional distribuƟ ons of the soil/root conducƟ vity raƟ o and soil capacity, which 
conƟ nuously evolve with Ɵ me. Combining soil and root hydraulic properƟ es led to very complex one-dimensional sink 
funcƟ ons that are quite diff erent from the simple reducƟ on funcƟ ons usually found in the literature. The R-SWMS 
model could be used to develop more realisƟ c one-dimensional reducƟ on funcƟ ons.
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Recently, we developed R-SWMS, a three-dimensional coupled 

water fl ow model for soil and roots with an uptake stress func-

tion, which couples the model of Somma et al. (1998) with the 

model of Doussan et al. (1998). Because water uptake and fl ow 

in soil and roots are driven by potential gradients, these models 

implicitly assume that soil water is preferably taken up at spa-

tial locations where the energy to bring water to the root collar 

is minimized. Th ese types of models are therefore great tools 

for checking hypotheses regarding root permeability and plant 

architectural adaptation to water availability, and for assessing 

the eff ect of plant genotype on uptake and solute transport (de 

Dorlodot et al., 2007).

One major drawback of three-dimensional models is the 

potentially large number of root and soil input parameters. 

On the other hand, compared with one-dimensional models, 

R-SWMS relies on more realistic assumptions for predicting 

root–soil interactions. First, the root architecture is explicitly 

taken into account, and root properties can diff er for each root 

node. Plants have a variety of root types with diff erent functions 

and hydraulic characteristics, which signifi cantly aff ects the water 

uptake distribution. Recently, Pierret et al. (2007) emphasized 

the need for models that explicitly represent root architecture 

and discriminate between diff erent root types. Second, horizontal 

variability is explicitly modeled. Even with uniform horizontal 

soil properties, horizontal water content variability may arise due 

to contrasting uptake by diff erent root segments and redistribu-

tion processes. Th ird, water uptake is a passive process driven 

by the potential gradient between soil and root. Th e simulation 

of this process by R-SWMS, coupled with the ability to specify 

heterogeneous properties for both soil and root segments, allows 

the explicit modeling of the spatiotemporal variations of root 

water uptake.

Th ree-dimensional models permit the assessment of hori-

zontal fl ow variability at the plant scale. It is therefore expected 

that these models can provide more realistic predictions of eff ec-

tive one-dimensional uptake time series, which could be used to 

develop new equations for eff ective one-dimensional sink terms 

and their time evolution. It is important, however, to fi rst inves-

tigate how the three-dimensional model reacts to changes in root 

and soil parameters, especially plant hydraulic properties, and 

what data sets may be useful for investigating root water uptake 

processes.

In this study, we investigated the potential using a detailed 

model for studying water variability at the plant scale. Th is study 

investigated the sensitivity of the R-SWMS model under dif-

ferent plant collar conditions by comparing water fl uxes, fl ow 

variability, and soil water distributions for diff erent scenarios 

and parameterizations. We particularly considered the eff ect of 

the xylem conductivity, the root radial conductivity, and the soil 

hydraulic conductivity on the water uptake process. Eff ective one-

dimensional sink terms were extracted from the three-dimensional 

simulations and the existence of eff ective plant behavior for spe-

cifi c hydraulic parameterizations was investigated.

Theory

DescripƟ on of R-SWMS Model

Th e R-SWMS is a numerical model for predicting soil–root 

water fl uxes based on the water potential gradient between soil 

and root nodes. Water fl ow is described by the Richards equation 

with a three-dimensional sink term:

( )[ ]h z S
t

∂θ
=∇⋅ ∇ − −

∂
K  [1]

where θ is the volumetric water content [L3 L−3], t is time [T], K 

is the hydraulic conductivity tensor [LT−1], h is the water poten-

tial on a weight basis [L], S is a sink term representing root water 

uptake [T−1], and z is the vertical coordinate [L]. We used the 

method developed by Simunek et al. (1995) for solving the water 

potential in the soil.

Water fl ow within the root xylem and between the soil–root 

interface and root xylem is solved by discretizing the root system 

as a network of connected root nodes. One-dimensional radial 

(soil–root) fl ow, Jr, and axial (xylem) fl ow, Jx, are defi ned as
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where hs and hx are the water potentials (on a weight basis) at the 

root surface and in the xylem [L], respectively, Kr* is the intrinsic 

radial conductivity [T−1], sr is the outer surface of the root seg-

ment [L2], l is the root segment length [L], and Kx is the xylem 

conductivity [L3 T−1]. Equations [2a] and [2b] are based on 

the assumption that the osmotic potential is negligible and that 

the root water capacity can be neglected. Th ese assumptions are 

valid under normal conditions, i.e., no extreme water stress. Th e 

steady-state assumption is valid for small time steps. Equations 

[2a] and [2b] can be written for each of the root nodes, and the 

total system of equations can be solved in terms of water potential 

provided that the root boundary condition and the soil water 

potential around the root nodes are known.

Boundary conditions for roots are defi ned at the root collar 

and may be specifi ed in terms of water potential or water fl ux. In 

the case of fl ux-type boundary conditions, stress may occur when 

the evaporative demand cannot be met by the soil. In such a case, 

a maximum allowable threshold value for absolute water poten-

tial hlim is defi ned, beyond which the collar boundary condition 

(CBC) is automatically switched from a fl ux-type to a pressure-

head-type condition with |h| = |hlim|.

We adapted the model of Somma et al. (1998) to solve itera-

tively the soil (Eq. [1]) and root network fl ow equations for the 

water potential. Th ese equations are linked by the soil–root radial 

fl uxes (Eq. [2a]). Radial fl uxes of root segments i located in a soil 

voxel j are summed to give the sink term S in Eq. [1]:

r,
in

ii
j

j

J
S

V
= ∑

 [3]

where Vj is the voxel volume and ni is the number of root seg-

ments within voxel j.
Th e root model is fi rst solved based on the initial soil water 

potential (hs in Eq. [2a]) obtained from a distance-weighted 

average of calculated soil water potential at the corners of the 

soil voxels including root segments. A sink term is calculated for 

each soil node using Eq. [3] and inserted in Eq. [1] to solve soil 

water fl ow. Iterations are performed until soil water potential and 

moisture content converge below a threshold value.
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Methodology
Scenario DescripƟ ons

All of the simulations in this study feature a root structure 

located in the center of a cubic soil column measuring 10 by 

10 by 40 cm, composed of 1-cm3 voxels. Th e soil is initially in 

hydrostatic equilibrium with an aquifer located 300 cm below 

the surface. Th e boundary conditions for the soil are no rainfall 

or evaporation at the surface and no fl ux at the bottom of the soil 

column. Th e soil is homogeneous.

Th e root structure is defi ned with the model of Somma et 

al. (1998) as a root 500 h old, made of 9488 root segments, and 

grown in a homogeneous soil. Root hydraulic parameters for the 

reference scenario were taken from Doussan et al. (1998) and are 

typical for a maize (Zea mays L.) root: Kx = 0.0432 cm3 d−1 and 

Kr* =  1.728 10−4 d−1. We considered these parameters uniform 

and constant throughout the root system. Th e limiting water 

potential was defi ned as hlim = −150 m. No root growth was 

considered. Th ese simplistic and artifi cial assumptions will help 

assess the behavior of the model as a fi rst approximation.

Th ree principal boundary conditions at the root collar were 

used in this study: constant water potential (referred to as CBC 1), 

constant fl ux (CBC 2), and sinusoidal day–night fl uxes (CBC 3). 

Table 1 summarizes the principal features of these reference CBCs.

SensiƟ vity Analysis of ConducƟ vity Values 
with Collar Boundary CondiƟ ons 1 and 2

Water takes the least resistive pathway to reach the plant 

collar from the soil. Th erefore, soil conductivity and root radial 

and axial conductivities are key parameters affecting model 

response. Consequently, our fi rst analysis was of the model sen-

sitivity to root and soil conductivities.

Table 2 gives the soil and root parameters used in this study. 

The reference soil for the sensitivity analysis is a loam with 

Mualem–van Genuchten parameters: residual and saturated 

volumetric water content θr = 0.078 and θs = 0.43, respectively; 

shape parameters α = 0.036 cm−1 and n = 1.56; m = 1 − 1/n; soil 

saturated hydraulic conductivity, Ksat = 24.96 cm d−1; and pore 

connectivity parameter λ = 0.5 (Carsel and Parrish, 1988). In the 

following, we refer to reference scenarios for simulations performed 

with the parameterization described in the fi rst column of Table 

2. Other cases use the same parameters except root parameters 

Kr* or Kx, or soil Ksat are multiplied by 10 (second column of 

Table 2). One order of magnitude is indeed a realistic degree of 

variation for Ksat (see, e.g., Javaux and Vanclooster, 2006) and 

root parameters (Doussan et al., 1998, 2006).

Sensitivity analysis involved comparing the spatial distribu-

tion of the sink term, soil water potential, and water content 

computed for the reference and perturbed parameterizations. Th is 

sensitivity analysis was performed for CBCs 1 and 2 (Table 1). 

We also compared the temporal variations of the collar fl uxes, 

which correspond to the actual transpiration.

Furthermore, an eff ective one-dimensional sink term was 

obtained by integrating the local sink terms of the soil voxels 

located at every depth in the soil profi le. One-dimensional vari-

ability of the water content and of the velocity fi eld was assessed 

by computing the CV for each depth. Th is is of importance for 

assessing the eff ect of water extraction on the soil water velocity 

fi eld and thus on solute transport.

Eff ect of Soil Type

Soil saturated hydraulic conductivity is not the only soil 

parameter aff ecting soil resistance. Th e complete soil conductiv-

ity curve plays a role under unsaturated conditions. To check the 

eff ect of soil texture on the water uptake process, we compared the 

loam soil with two other soils, a clay loam and a clay. Parameters 

for the clay loam were θr = 0.095, θs = 0.41, α = 0.019 cm−1, n 

= 1.31, and Ksat = 6.24 cm d−1; and for the clay, θr = 0.068, θs = 

0.38, α = 0.008 cm−1, n = 1.09, and Ksat = 4.8 cm d−1 (Carsel 

and Parrish, 1988). For both soils, m = 1 − 1/n and λ  = 0.5. 

Figure 1 shows the principal hydraulic characteristic functions of 

these three soils as a function 

of pF = log10(|h|), where h is 

the water potential (cm). Th e 

loam had the highest mois-

ture capacity and saturated 

conductivity, but the steep-

est decrease with pF. Th e clay 

had fl atter hydraulic functions 

and a lower capacity and Ksat, 

whereas the clay loam exhib-

ited intermediate hydraulic 

properties. Additionally Fig. 1 

shows threshold pF values at 

which the soils had a hydrau-

lic conductivity similar to the 

root, with root conductivity 

T��½� 2. Model input reference and varied parameters.†

Substrate
Reference 

parameterizaƟ on
Perturbed parameterizaƟ on 

(mulƟ plied by 10)

Loam soil θr = 0.078
θs = 0.43
α = 0.036 cm−1

n = 1.56
λ = 0.5
Ksat = 24.96 cm d−1

Ksat = 249.6 cm d−1

Root Kr* = 0.0001728 d−1

Kx = 0.0432 cm3 d−1
Kr* = 0.001728 d−1

Kx = 0.432 cm3 d−1

† θr and θs, residual and saturated volumetric water content, respecƟ vely; 
α and n, van Genuchten–Mualem shape parameters; λ, pore con-
necƟ vity parameter; Ksat, saturated hydraulic conducƟ vity.

T��½� 1. Reference collar boundary condiƟ ons (CBCs): geometry, boundary, and iniƟ al condiƟ ons.

CBC 1 CBC 2 CBC 3

Soil

  Geometry 10 by 10 by 40 cm with grid size of 1 by 1 by 1 cm

  IniƟ al condiƟ ons in equilibrium with a 3-m-deep aquifer

  Boundary condiƟ ons no fl ux at the top, no fl ux at the boƩ om

Root

  Geometry 9488 segments

  Collar boundary condiƟ on constant water potenƟ al 
h = −1000 cm

constant potenƟ al 
transpiraƟ on Tpot = 
0.1563 cm d− 1 (water 
fl ux at root collar Jc = 
10 cm3 d− 1)

day–night sinusoidal 
transpiraƟ on with 
maximum

Tmax = 1.563 cm d− 1 and 
minimum Tmin = 0 cm 
d− 1

(max. Jc = 100 cm3 d− 1)
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defi ned as Kr* and root radius r = 0.05 cm. Two collar boundary 

conditions were used for the soil texture sensitivity analysis: CBC 

1 and CBC 2 (Table 1).

Eff ect of the Sinusoidal Day–Night Cycle on Root Water Uptake

A more realistic, sinusoidal day–night scenario was also 

investigated (CBC 3, Table 1). Maximum transpiration occurred 

at t = 0.5, 1.5, … d and minimum (zero transpiration) at t = 0, 

1, 2, … d. Such a scenario allowed 

the plant root to experience a large 

range of collar fl uxes and soil water 

conditions.

Results

Reference ParameterizaƟ on with 
Collar Boundary CondiƟ on 1

Figure 2 shows typical out-

puts of R-SWMS after 0.5 d under 

constant water potential at the root 

collar (CBC 1). Th e root structure 

is shown in the first subplot in 

white. Th e second subplot shows 

that the water potential in the root 

xylem is mainly controlled by the 

distance of a root segment from the 

collar and the number of branches 

in between. A long root segment 

without branches and directly con-

nected to the root collar will have a 

much higher absolute water poten-

tial, and thus take up more water, as 

long as the conductivity properties are uniform. In 

the third subplot, the water potential distribution 

is shown with the water fl ux streamlines. One may 

observe that the streamlines are far from horizontal, 

as usually assumed in two-dimensional root water 

uptake models. Th e corresponding water content 

and three-dimensional sink distributions are given 

in subplots Fig. 2d and 2e, respectively. Th e plots 

show that water is preferably taken up fi rst at lower 

depths where soil water is still easily available and the 

gradient between bulk soil and xylem water poten-

tials is still large.

Eff ect of the ParameterizaƟ on on the Root Collar Flux

When constant water potential is applied at the 

root collar (CBC 1), the fl ow rate at the root collar 

tends to continuously decrease with time as the soil 

dries out and the diff erences between root and soil 

water potentials diminish. Figure 3 (upper) shows 

the eff ect of root and soil hydraulic parameteriza-

tion on the temporal evolution of the actual fl ux at 

the collar, Jc.

Large radial root conductivity dramatically 

amplifi es the initial uptake, whereas a larger xylem 

conductivity does not exhibit notable diff erences 

from the reference parameterization. Th is illustrates 

the fact that the principal resistance to water fl ow 

is located in the radial root tissues (Steudle and Peterson, 1998). 

Xylem conductivity is so much larger than radial root conduc-

tivity that increasing the former has no eff ect on water uptake 

and soil water distribution (see below). When soil hydraulic con-

ductivity is augmented, the temporal course of root collar fl ux 

decreases smoothly, probably because of the gradual decrease in 

the soil hydraulic conductivity with soil drying.

F®¦. 2. (a) Root architecture and iniƟ al water potenƟ al distribuƟ on; (b) xylem water potenƟ al aŌ er 5 
d for Collar Boundary CondiƟ on 2; (c) soil water potenƟ al distribuƟ on aŌ er 5 d, white arrows show 
water streamlines; (d) soil water content distribuƟ on; and (e) sink term distribuƟ on.

F®¦. 1. Water retenƟ on (θ), hydraulic conducƟ vity (K), water capacity (C), and water 
diff usivity (D) for loam (conƟ nuous line), clay loam (dashed line), and clay soils 
(doƩ ed line) as a funcƟ on of pF = log10(|h|), where h is the water potenƟ al (cm). 
Root conducƟ vity is given by the gray horizontal line. Open circles characterize the 
threshold at which the soils and the root have the same hydraulic conducƟ vity.
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Figure 3 (lower) corresponds to a constant prescribed water 

fl ux at the root collar (CBC 2). Because no water is added to the 

soil, stress appears after a while when the prescribed fl ux cannot 

be fulfi lled by the soil, either because of the low hydraulic con-

ductivity or the low capacity of the soil. It is interesting to observe 

the eff ect of the hydraulic parameters on the time at which stress 

appears. Again, no noticeable diff erence can be observed between 

the case with larger xylem conductivity and the reference case. On 

the other hand, stress is delayed for the cases with large soil Ksat or 

root Kr*. Th e former provides water from other parts of the soil 

to sustain the water demand around the roots. Th e latter increases 

radial fl ow to the roots, which augments the total amount of 

water that can extracted by the root before the soil becomes water 

limiting. When the soil becomes limiting, there is a sudden drop 

in the collar water fl ux that cannot be compensated by soil water 

movement (green line). On the contrary, when Ksat is increased, 

the gradual reduction in soil conductivity creates a smoother 

decrease of the collar fl ux (red line); however, this trend depends 

strongly on the shape of the complete soil hydraulic conductivity 

curve. Th is is investigated for the diff erent soils below.

Eff ect of ParameterizaƟ on on the 
Three-Dimensional DistribuƟ on of Water Content

Figure 4 shows the soil water distribution after 1 d for CBC 

1 (constant water potential at the root collar) together with cases 

where root radial conductivity Kr*, xylem axial conductivity 

Kx, and soil saturated conductivity Ksat were multiplied by 10. 

Basically, almost no diff erences are observed when the xylem 

conductivity is increased. In contrast, when radial root conduc-

tivity is increased by a factor 10, the water content distribution 

changes dramatically. Th is is in line with the observations of water 

fl ow at the root collar (see above). A remarkable point is that 

when the soil conductivity is increased, water uptake is more 

homogeneously distributed because lateral water fl uxes in the soil 

counteract variability in soil water uptake.

When the same test is performed with fl ux-type bound-

ary conditions (CBC 2), the parameter perturbations have less 

impact (Fig. 5). Th is is because the same amount of water has 

been extracted for the four cases (due to the same prescribed 

fl ux at the collar) and the retention curve is exactly the same 

in each scenario; however, slight changes in the water distribu-

tion can be observed. Again, larger soil conductivity tends to 

homogenize water distribution while larger xylem 

conductivity does not have much eff ect. It is inter-

esting to observe, however, that larger root radial 

conductivity will decrease the depth but increase the 

radial distance at which water content distribution is 

aff ected: water will be taken up preferentially from 

the upper layers where less energy is needed to move 

it to the collar. Th e resulting water distribution is 

therefore more circular and almost centered around 

the root collar.

Eff ect of ParameterizaƟ on on the Sink-Term Profi les

Figure 6 shows the depth distribution of the root 

water uptake (similar to a sink-term profi le) for CBCs 

1 and 2 after 2 d. Except for the high Ksat cases (red 

lines), the sink-term profi les for standard CBCs 1 and 

2 already tend to separate from the normalized root 

length density (RLD) profi le. Sink-term and RLD 

profi les would overlap if the root demand at all depths 

was instantaneously met by the soil water throughout 

the profi le. Th is seems not to be the case for the refer-

ence, high Kr*, and high Kx parameterizations, which 

means that soil resistance already aff ects the uptake 

distribution, with soil hydraulic conductivity being 

lower than root conductivity in the upper soil hori-

zon. Th e sink-term profi le for highly conductive soil 

F®¦. 3. Time series of the water fl ow rate at the root collar (Jc) for 
Collar Boundary CondiƟ ons 1 (upper) and 2 (lower). Line colors 
refer to diff erent root or soil parameterizaƟ on: reference (black), 
xylem conducƟ vity mulƟ plied by 10 (blue), radial conducƟ vity 
mulƟ plied by 10 (green), and soil hydraulic conducƟ vity mulƟ plied 
by 10 (red).

F®¦. 4. Cross-secƟ ons of the three-dimensional soil water content distribuƟ on aŌ er 
1 d with constant water potenƟ al at the root collar h = −1000 cm (Collar Bound-
ary CondiƟ on 1, Table 1). Comparison between the reference (extreme right) and 
10-fold increase of xylem conducƟ vity (Kx), radial conductance (Kr*), and saturated 
soil conducƟ vity (Ks). Root architecture is shown in white.
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is stabilized because water from wetter parts of the soil continu-

ously compensate for soil water extraction from the top layer 

(red lines).

Because more water is extracted when xylem resistance is 

lowered for CBC 1, the water has to be taken up from deeper 

layers, which renders the sink-term profi le more uniform with 

depth and diff erent from the RLD profi le (blue line, left subplot). 

Th e same behavior, but to an even larger extent, is observed when 

the radial conductance is augmented (green line, left subplot).

On the other hand, for CBC 2, augmenting the radial 

and xylem conductivities does not dramatically aff ect the 

sink-term profi le. For low fl ow at the root collar (far away 

from stress conditions), it appears that the soil governs the 

depth distribution of root water uptake, which is slightly 

diff erent than the RLD profi le.

Eff ect of ParameterizaƟ on on the VerƟ cal DistribuƟ on of 
Water Content and Flow Velocity Field

Despite important diff erences between sink-term pro-

fi les for CBCs 1 and 2 with diff erent parameterizations (Fig. 

6), the corresponding one-dimensional water content profi les 

almost overlap, except for the high Kr* case (Fig. 7, top). Th e 

water content distributions are smoothed out relative to the 

sink-term profi les due to vertical and horizontal redistribu-

tion between voxels, as shown by the averaged horizontal and 

vertical components of the velocity profi les (Fig. 7, middle 

and bottom). Redistribution is particularly visible when Ksat 

is increased (red lines). In such a case, water from other soil 

layers compensates, as illustrated by the large vertical veloc-

ity component (Fig. 7, bottom). Th is type of redistribution 

may bring into question the usual assumption that changes 

in water content profi les correspond to the sink-term profi le 

and that the fl ow streamlines are principally horizontal.

Figure 8 shows the CVs of the water content and of 

the vertical and horizontal components of the velocity fi eld 

throughout the soil profi le. Th ese factors characterize the 

degree of water distribution heterogeneity induced by root 

water uptake. Th is information is crucial for solute transport 

prediction at the plant scale, as it will aff ect the dispersivity 

length. In general, Fig. 8 shows that parameterization has a 

nonnegligible impact on water content and fl ux distribution. 

Th is information is similar to that typically obtained with 

geophysical tomography and could help interpret experimen-

tal measurements of uptake processes.

Although CBC 2 generates for each parameterization 

the same amount of extracted water for the fi rst 7 d, the 

parameterization aff ects water variability. Th is contrasts with 

the previous observation that the diff erent parameterizations 

produce similar sink terms (Fig. 6b). Th e high Ksat cases 

(red dashed lines in Fig. 8) generate low variability in water 

content because soil water fl uxes compensate for local root 

water.

Th e results suggest that three-dimensional water content 

maps combined with plant transpiration monitoring could 

give valuable information on root–soil interactions and the 

relative importance of the diff erent resistances along the 

water fl ow pathway. Th us, novel geophysical applications 

like nuclear magnetic resonance (Pohlmeier et al., 2007, 

2008) or small-scale electrical resistivity tomography that 

allow monitoring three-dimensional moisture variability could be 

combined with detailed three-dimensional models to characterize 

water uptake processes and plant parameters.

Eff ect of Soil Type

Th e root collar fl uxes under CBCs 1 and 2 for the three soil 

types described in Fig. 1 are shown in Fig. 9. For CBC 2, we 

observe that stress appeared fi rst for loam, then for clay, and even-

tually for the clay loam soil. For CBC 1, the clay loam generated 

F®¦. 5. Cross-secƟ ons of the three-dimensional soil water content distribu-
Ɵ on aŌ er 7 d with constant water fl ux at the root collar Jc = −10 cm3 d−1 
(Collar Boundary CondiƟ on 2, Table 1). Comparison between the refer-
ence (extreme right) and 10-fold increase of xylem conducƟ vity(Kx), radial 
conductance (Kr*), and saturated soil conducƟ vity (Ks). Root architecture is 
shown in white.

F®¦. 6. Sink-term profi le for Collar Boundary CondiƟ on 1 (leŌ ) and 2 (right). 
Line colors refer to diff erent root or soil parameterizaƟ on: reference (black), 
xylem conducƟ vity mulƟ plied by 10 (blue), radial conducƟ vity mulƟ plied by 
10 (green), and soil hydraulic conducƟ vity mulƟ plied by 10 (red). For clarity, 
the dashed line represents the normalized root length density (RLD) profi le 
mulƟ plied by 10.
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the largest water extraction. Th is illustrates that Ksat alone cannot 

be used to predict a priori the soil behavior when plants are pres-

ent. Th e shape of the conductivity and retention is also of interest. 

Figure 10 shows the water potential distribution after 7 d under 

a constant-fl ux CBC. While the water potential distributions 

for the clay and clay loam soils were rather homogeneous in 

the horizontal direction, the loam had a heterogeneous, three-

dimensional distribution, with very dry soil surrounding the main 

root axes and wetter soil away from the roots. Th e steeper slope 

of the loam hydraulic properties generated a larger conductivity 

drop, which produced early stress. Th is is confi rmed in Fig. 11, 

F®¦. 8. Water content variability profi le [CV(θ)] and coeffi  cients of 
variability of the horizontal component of the velocity fi eld profi le 
[CV(vz)] and the horizontal component of the velocity fi eld profi le 
[CV(vh)] aŌ er 0.5 and 7 d for Collar Boundary CondiƟ ons 1 (con-
Ɵ nuous lines) and 2 (dashed lines). Line colors refer to diff erent 
root or soil parameterizaƟ on: reference (black), xylem conducƟ vity 
mulƟ plied by 10 (blue), radial conducƟ vity mulƟ plied by 10 (green), 
and soil hydraulic conducƟ vity mulƟ plied by 10 (red).

F®¦. 7. Averaged water content (θ) profi le, averaged horizontal 
component of the velocity fi eld (vh) profi le, and averaged verƟ -
cal component of the velocity fi eld (vz) profi le aŌ er 0.5 and 7 d 
for Collar Boundary CondiƟ ons 1 (conƟ nuous lines) and 2 (dashed 
lines). Line colors refer to diff erent root or soil parameterizaƟ on: 
reference (black), xylem conducƟ vity mulƟ plied by 10 (blue), radial 
conducƟ vity mulƟ plied by 10 (green), and soil hydraulic conducƟ v-
ity mulƟ plied by 10 (red).

F®¦. 9. Time series of the water fl ux at the root collar (Jc) for Collar 
Boundary CondiƟ ons 1 (upper) and 2 (lower). ConƟ nuous lines refer 
to loam, dashed lines to clay loam, and doƩ ed lines to clay soils.

F®¦. 10. Cross-secƟ ons of the three-dimensional water potenƟ al 
distribuƟ on aŌ er 7 d with constant water fl ux at the root collar 
(Collar Boundary CondiƟ on 1, Table 1) for the three soil types. Root 
architecture is shown in white.
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where the distribution of the soil and root conductivity ratio is 

shown (logarithmic scale) after 7 d for CBC 2, which is much 

before the onset of substantial stress (h at the root collar equals 

hlim). Values below zero indicate that the soil is less conductive 

than the radial root pathway. While the voxels around the roots 

were already limiting plant uptake at the upper depth for the 

loam soil, the clay and clay loam soils were still nonlimiting at 

all depths.

Th e fact that stress was generated earlier for clay than for 

clay loam is due to the fact that clay has a much lower capacity, 

defi ned here as the water available for plant uptake between h = 

0 and h = hlim. Th erefore, after 7 d, the soil was already very dry 

(Fig. 10). Yet, in contrast to the loamy soil, the water potential 

distribution in the clay was quite uniform in the horizontal direc-

tion due to the fact that the hydraulic conductivity under low 

potential was higher than for the loam soil (see Fig. 1). Figure 

11 clearly shows that after 7 d the soil conductivity around root 

segments was much higher for the clay than for the loam.

Th e clay loam soil appears to have the best hydraulic proper-

ties to sustain the evaporative demand, whatever the CBC (Fig. 

10). Its high capacity combined with its relatively high hydraulic 

conductivity across a wide range of pF values allowed the clay 

loam to support the evaporative demand for 15 d more than the 

loam (Fig. 9). Th is outcome was not apparent beforehand from 

the soil and root properties alone because the clay loam hydraulic 

properties appeared to be intermediate between clay and sand 

(Fig. 1).Th e result points out the usefulness of three-dimensional 

models like R-SWMS for investigating root water uptake and var-

ious assumptions made by simplifi ed one-dimensional models.

Day–Night Scenario

Figure 12 shows the sink-term profi les for diff erent times 

under day–night cycles (CBC 3) with the reference parameteriza-

tion for loam (Table 2). Maximum transpiration occurred at t = 

0.5, 1.5, … d and minimum (zero transpiration) at t = 0, 1, 2, 

… d. Th e fi gure shows that sink-term profi les corresponding to 

maximum transpiration overlap the RLD profi le at the beginning 

of the experiment but that after 9.75 d, plants extracted water 

from lower depths. During the night (zero transpiration), a “nega-

tive” sink term was observed for upper depths, while lower depths 

remained positive. Th is is consistent with the concept of “hydrau-

lic lift” (Dawson, 1993), which has been observed in experiments 

under dry climates. At night, the water potential gradient may 

be reversed in the upper soil (absolute water potential lower in 

the soil than in the plant), which produces water release from the 

root to the soil. Hydraulic lift is possibly a mechanism by which a 

plant can bring water to the upper soil layers during the night and 

then use that water to help satisfy transpiration demand the fol-

lowing day. Certain plants may have mechanisms for decreasing 

radial conductivity and preventing such water releases (Vandeleur 

et al., 2005).

Eff ecƟ ve Sink Term as a FuncƟ on 
of Bulk Water PotenƟ al and Averaged Water Content

To assess the eff ect of the soil on root water uptake, a dimen-

sionless sink term may be used that is a function of the soil water 

potential. Th e eff ects of the soil and the roots are usually con-

sidered to be independent and the sink term is written as (e.g., 

Feddes and Raats, 2004)

( ) ( ) ( ) ( )1 pot, , ,S z t h z g z T t=α θ  [4]

where Tpot is the potential transpiration or the maximum non-

stressed water extraction rate [L T−1], g(z) is the normalized root 

distribution function [L−1], and α1 is a function that character-

izes the eff ect of the soil (stress function).

To generate a comparable function, we used the day–night 

CBC 3 with a high transpiration amplitude that generated a wide 

range of Jc values (Table 2). Th e simulated high evaporative demand 

could not be met and water stress was rapidly induced, decreasing the 

actual fl ux at the root collar during the third day (Fig. 13).

As shown in Fig. 14, we estimated for each depth the aver-

aged bulk water potential or water content and plotted them 

vs. both the normalized sink term [S*(z,t) = S(z,t)/Tpot] and 

F®¦. 11. Cross-secƟ ons of the three-dimensional distribuƟ on of the 
raƟ o between soil and root conducƟ vity (log10[K(h)/Kr]) aŌ er 7 d 
with constant water fl ux at the root collar (Collar Boundary Condi-
Ɵ on 2, Table 1) for the three soil types. Root architecture is shown 
in white.

F®¦. 12. Profi le of the sink term for the standard Collar Boundary 
CondiƟ on 3.
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the normalized sink term divided by the root surface density 

[S*(z,t)/g(z,t)]. Each open circle in the plots represents a pair 

(S*,θ) or (S*,h) at a given time. Th e plots do not resemble mono-

tonic functions traditionally used for α1, such as the Feddes 

et al. (1977) model that has a plateau with maximum uptake 

between two reduction points. Th is is quite surprising given the 

large number of studies devoted to characterizing one-dimen-

sional relationships between sink and soil water status. Here 

it is observed that the soil plays a big role even at low abso-

lute water potential, while usually it is assumed that the soil is 

important only beyond a certain water potential. On the other 

hand, sink variability is higher for water potential values close 

to zero, where root is limiting and where water uptake is more 

related to depth and soil water potential. For a given value of 

(averaged) h or θ, there are plenty of possible sinks depending 

on the root boundary condition and soil status. Th is indicates 

that simple Feddes-like reduction functions, which are not based 

on biophysical processes, may not be generally applicable across 

climates and soil types.

Conclusions
In this study, we have shown with simple scenarios the 

important complexity of the root water uptake process when 

modeled in three dimensions based on the water potential gradi-

ent between soil and roots. Th e relative radial root conductivity 

and the distribution of soil hydraulic conductivity, which depends 

on water content and the soil moisture capacity, were shown to 

control the plant water extraction distribution.

Highly conductive soils promote water uptake but at the 

same time decrease variability in soil water content. Variability 

arising from root uptake is reduced by large lateral and vertical 

soil water fl uxes. Th e uptake profi le produced by these conditions 

matches the root density profi le as long as suffi  cient water remains 

in the soil. Large root radial conductance increases the amount of 

water extracted by the root under given collar conditions. Under 

these conditions, however, the water extraction will not follow to 

the root distribution. As long as the xylem conductivity is every-

where high enough to conduct all the extracted water, soil water 

extraction patterns are relatively insensitive to further increases 

in xylem conductivity.

It was also shown that the slope of the retention and conduc-

tivity curves between saturation and the limiting water potential 

is crucial for predicting root water uptake. A soil with high Ksat 

and large capacity can quickly become limiting for root water 

uptake if its hydraulic conductivity curve is steep. In contrast, a 

soil with lower capacity and smaller Ksat but with a relatively fl at 

conductivity curve can support a given evaporative demand much 

longer before reaching stress conditions. No simple rules about 

optimal soils for root water uptake, however, can be deducted a 

priori from the soil hydraulic properties because it depends on the 

evaporative demand and on the three-dimensional distribution of 

the root/soil conductivity ratio and on the soil moisture capacity. 

Th is issue is currently being investigated further.

It was also shown that similar sink-term profi les could result 

in very diff erent water content and fl ux distributions at the plant 

scale due to the relative magnitudes of soil and root hydraulic 

properties. Th e complexity of the variability means that three-

dimensional models such as R-SWMS are key tools for improving 

the understanding of water variability and solute transport at 

the plant scale. At larger scales, however, other factors like row 

position (Hupet and Vanclooster, 2005) or heterogeneity of plant 

species (Nordbotten et al., 2006) may be crucial for the spatial 

variability of water.

Interactions of soil and root hydraulic properties lead to 

very complex S(h) or S(θ) relationships, very diff erent from the 

simple Feddes-like stress functions usually found in the litera-

ture. It appears that simple one-dimensional sink terms have a 

limited biophysical basis, making it diffi  cult if not impossible to 

extrapolate such traditional reduction functions to other climatic 

conditions and soil types. It is possible that traditional one-

dimensional sink terms could be related to the outer envelope 

F®¦. 13. Prescribed (dashed line) and actual (conƟ nuous line) fl ux 
at the root collar under Collar Boundary CondiƟ on 3 with 10 Ɵ mes 
larger maximum transpiraƟ on.

F®¦. 14. Normalized sink term (S*) vs. averaged water content 
(upper leŌ ) and averaged bulk water potenƟ al (upper right), and S* 
divided by the root surface density (RSD) vs. averaged water con-
tent (lower leŌ ) and averaged bulk water potenƟ al (lower right).
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of the true S*(h) or S*(θ) relationships, something that could be 

investigated in the future with R-SWMS.

It is worth noting that numerous assumptions were made 

in this study. Th e eff ects of the root property distribution, root 

growth, and soil heterogeneity were neglected. We assumed that 

the water was taken up passively by the plant and that the soil 

and root properties were constant. Th e averaging procedure of the 

subscale water potential distribution around roots in R-SWMS 

can also be improved (Schröder et al., 2008).

Finally, developing such a detailed model does not make 

sense if no comparison with experiments is possible. Emerging 

imaging techniques, such as nuclear magnetic resonance, should 

make that comparison possible (Pohlmeier et al., 2008). Th e 

next step is to investigate the potential of these new imaging 

methods to improve the parameterization of such detailed three-

dimensional models.
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