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Abstract

In this paper, we present a stand alone root water uptake model called aRoot, which
calculates the sink term for any bulk soil water flow model taking into account water
flow within and around a root network. The boundary conditions for the model are
the atmospheric water demand and the bulk soil water content. The variable deter-5

mining the plant regulation for water uptake is the soil water potential at the soil-root
interface. In the current version, we present an implementation of aRoot coupled to
a 3-D Richards model. The coupled model is applied to investigate the role of root
architecture on the spatial distribution of root water uptake. For this, we modeled root
water uptake for an ensemble (50 realizations) of root systems generated for the same10

species (one month old Sorghum). The investigation was divided into two Scenarios for
aRoot, one with comparatively high (A) and one with low (B) root radial resistance. We
compared the results of both aRoot Scenarios with root water uptake calculated using
the traditional Feddes model. The vertical rooting density profiles of the generated root
systems were similar. In contrast the vertical water uptake profiles differed consider-15

ably between individuals, and more so for Scenario B than A. Also, limitation of water
uptake occurred at different bulk soil moisture for different modeled individuals, in par-
ticular for Scenario A. Moreover, the aRoot model simulations show a redistribution of
water uptake from more densely to less densely rooted layers with time. This behavior
is in agreement with observation, but was not reproduced by the Feddes model.20

1 Introduction

The global water and carbon cycles are key issues in climate and global change re-
search. Within these complex systems, plants are the central interface between the
atmosphere and hydrosphere. Transpiration plays a crucial role for the surface en-
ergy balance as well for the water cycle. It is also linked to the carbon cycle through25

its close connection with photosynthesis. Hydrological as well as climate models will
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benefit from an improved understanding of the process of water flow through plants,
in particular because they are sensitive to root water uptake parameters (Desborough,
1997; Zeng et al., 1998). Also, great uncertainty in modeling transpiration stems from
lack of knowledge about how much water is available to plant roots (Lai and Katul,
2000; Feddes et al., 2001).5

Plant water uptake responds to soil moisture limitation at different time and space
scales. At the seasonal time scale, plants may adapt their rooting system by root
growth, in order to reach moister soil areas (Wan et al., 2002). But also at smaller time
scales (like hours to days), plants have been observed to change their uptake zone,
and without altering their root system (Sharp and Davies, 1985; Green and Clothier,10

1995; Garrigues et al., 2006).
However, models for describing water flow at the soil-plant-atmosphere-interface

(SVAT-schemes) include these processes only partially. These schemes use a heuristic
parametrization for root water uptake that is applied as a sink in the one-dimensional
Richards Equation. Commonly, vertical root water uptake profiles are related to the15

product of a water stress function and the vertical rooting density distribution (like Fed-
des et al., 1976). However, this parametrization leads to early predictions of limited
transpiration, when densely rooted soil layers dry out (Feddes et al., 2001) and thus
neglects the plants adaptive response to water stress.

In order to deal with these shortcomings, several algorithms have been developed to20

allow for a longer period of transpiration in a SVAT context. Li et al. (2001) and Teuling
et al. (2006) presented models that compensate water stress in one part of the root
zone by increased uptake from other soil areas without altering rooting density profiles.
Also, besides compensation effects, another mechanism sustaining transpiration in dry
soil, is hydraulic redistribution. It is defined as water transfer from wetter into drier soil25

areas, via flow through the root system. Recently, Siqueira et al. (2008) and Amenu
and Kumar (2008) investigated this effect for delayed onset of water stress in a root
water uptake model, again based on rooting density profiles.

The above models treat uptake and adaptation in a lumped way, and therefore do not
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consider the mechanisms at the scale at which they take place. Models which include
more detail could be used to gain the necessary process understanding, in order to
transfer it to the SVAT scale. Small scale processes of root water uptake have already
been implemented in models of varying levels of complexity.

First level models distribute the transpirational demand on the soil domain simply5

by the spatial distribution of roots either in one (as SVAT models do), two or three
dimensions (Vrugt et al., 2001; Clausnitzer and Hopmans, 1994).

Second level models include a description of microscopic water flow along the po-
tential gradient between the soil and the root, either using an effective resistance along
this gradient like Gardner (1960, 1964) or more realistic radial dependent soil hydraulic10

properties (Tuzet et al., 2003; de Jong van Lier et al., 2006). The latter cover the nonlin-
ear behavior of unsaturated water flow. This is an important mechanism in drying soils
(Schröder et al., 2008; Hildebrandt et al., 2009), because steep potential gradients
develop around the roots. These models can be extended to include root radial resis-
tance additionally to soil resistance (Siqueira et al., 2008; Schymanski et al., 2008).15

For example Levin et al. (2007) showed with such a combined model that vertical up-
take profiles changed depending on the assumed radial resistance. Schymanski et al.
(2008) applied such a model to modify root distribution within biological constraints
according to soil water availability.

The approaches above imply hat the potential on the side of the root is constant20

throughout the root system. However, Zwieniecki et al. (2003) suggested in a com-
bined measurement and model study that internal gradients along the root xylem exist.
Depending on the ratio between the roots radial and axial resistance, the active uptake
region could extend over the entire root or just part of it. This research was conducted
only for a single root, but might also be relevant for uptake along the entire root system.25

Third level models combine a variable xylem potential distribution along the root
structure with the flow processes in the soil domain. One such model was introduced
by Doussan et al. (1998). Such root water uptake models can be coupled to three
dimensional soil water flow models as done in Doussan et al. (2006) or Javaux et al.
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(2008). Simulations with these detailed models show that the region of water uptake
moves with time to deeper and moister layers, when top layers dry out. The coupling
of soil and root water flow in the vicinity of the root segments was first based on an
averaging approach. A finer spatial discretization of the numerical soil grid around the
roots (as shown in Schröder et al., 2009) can represent the local gradients in soil water5

potential but at the cost of increased computational burden.
In summary, previous research using small scale models for water uptake indicates

that both water flow in the soil near the root, but also within the root system itself shape
the uptake behavior of the plant. Plant root systems vary greatly in form and morphol-
ogy, not only between species, but also between individuals of the same species. This10

paper contributes to answer the question, how this variety influences the expected up-
take pattern. Therefore, we propose a simplified third level model called aRoot and
apply it to simulate the water uptake of an ensemble of root systems of the same
species and age. Our model results suggest that water uptake profiles vary signifi-
cantly between individuals.15

2 Models and methods

The major assumption for this study is that the process of plant water uptake is gradient
driven by the difference between soil water potential and atmospheric demand. This
leads to a distribution of water potentials within the plant from the leaves (stomata
control) over the trunks to the stem and finally to the root system. Hence, the outer20

boundaries of the plants water uptake system are the atmospheric water deficit and
the soil water potential. Here, we only consider the part from the soil up to the root
collar.
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2.1 Bulk water flow in the unsaturated zone

The Richards’ equation describing the water movement in the soil system is known as

∂θ
∂t

= ∇
[
K∇ (hsoil + z)

]
− S(x, y, z, t) , (1)

where θ [m3 m−3] is the volumetric soil water content, t [s] is time and S [m3 s−1] is the
sink term delivered by the root water uptake model (see Eq. 22 for the aRoot approach).5

The numerical solution of the Richards Equation for bulk soil water flow is provided by
GeoSys (Kolditz et al., 2008).

Volumetric soil water saturation θ [m3 m−3] is defined as a function of the soil water
potential hsoil and can be expressed by the Mualem-van-Genuchten parametrization
(van Genuchten, 1980) as10

θ − θr

φ − θr
= Θ =

[
1

1 + |αGhsoil|
nG

]mG

, (2)

where Θ is the normalized (or relative) water content, φ is the porosity of the soil and θr
the residual volumetric water content (at so-called permanent wilting point), where αG,
nG and mG are soil specific parameters (see Table 1). K [m s−1] in terms of normalized
(or relative) water content Θ is then given by15

K (Θ) = Ksk(Θ) = KsΘ
λG

(
1 −
(

1 −Θ
1

mG

)mG
)2

, (3)

where Θ can be replaced by hsoil using Eq. (2). The saturated hydraulic conductivity
Ks as well as the bulk soil porosity φ are given in Table 1. Accounting for the effect of
root segments exploring a certain soil volume, within our model the porosity φ of all
soil grid cells is decreased by the corresponding fraction of volumetric root content.20
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2.2 The hydraulic root water uptake model “aRoot”

In the following, we present a stand alone root water uptake model called aRoot, which
calculates the sink term for the bulk soil water flow model. Since we apply an analyt-
ical expression for the radial water flow towards the root, our model concept does not
require intense iteration between the bulk water flow model and aRoot for each time5

step.

2.2.1 Water flow within the root system

Water flow within the plants takes place as a flow from root surface to the inner root
xylem (radial) and along the xylem tubes (axial). The hydraulic uptake model applied
to the root system is spatially explicit consisting of a network of root segments. Each10

individual root segment is modeled as a series of axial and radial resistances similar
to Doussan et al. (1998). These root resistances operate as an effective value for the
underlying processes, like xylem development for the axial pathway and radial con-
nectivity within the root cortex (as described in Steudle and Peterson (1998) as the
apoplastic, symplastic and transcellular pathways).15

Root hydraulic properties are assigned to each root segment according to their root
order given by RootTyp (see Sect. 2.3 and Table 1). The axial resistance Rax is calcu-
lated by multiplying the axial resistivity per length with the corresponding root length l ,
while the radial resistance Rrad is estimated by dividing radial resistivity (material prop-
erty of each root segment) by root surface area.20

The influence of osmotic potential differences are neglected as well as the effect of
aquaporins changing the radial resistivity per root segment (Steudle, 2000) or the effect
of cavitation on xylem vulnerability increasing the axial resistance (Sperry et al., 2003).

For each root segment n the axial flux is implemented by the formula

Jn
ax =

1

Rn
ax

(
∆hn

xylem + ∆zn
) , (4)25
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where ∆ is the potential gradient along the root xylem axis between two root nodes.
The radial flux, which is the inflow from the soil to the root segment n is given by

Jn
rad =

1

Rn
rad

(hn
xylem − hn

soil(r0)) , (5)

with hn
xylem denoting the xylem water potential within root segment n and hn

soil(r0) the
soil water potential at the root surface of the corresponding soil disc n.5

By applying the Kirchhoff’s Law for summing up all in- and outflows at a root node,
we receive a system of equations describing the water fluxes of the root network that
can be best described in matrix notation such as

A hxylem = B hsoil(r0) + c , (6)

where A is the system matrix (regarding radial and axial root resistances) coupling10

root xylem pressure for interlinked root nodes, B is the input matrix connecting xylem
potential to corresponding soil potentials and c is the offset vector accounting for grav-
itation (lifting water up over the vertical axis) and the upper boundary condition (flux or
potential boundary at root collar). The boundary condition at the root collar is initially
fixed to a given flux TPot. If the corresponding variable collar potential drops a critical15

value hcrit
xylem, then boundary switches to a potential condition and transpirational flux

gets variant.
Rearranging Eq. (6) gives

hxylem = A−1 Bhsoil(r0) + A−1c . (7)

By rewriting Eq. (5) for all root segments N and introducing the conductance matrix Lrad20

(main diagonal matrix containing the inverse of the radial resistances Lrad=diag
[
1/R0

rad,
...,1/Rn

rad, ...,1/R
N
rad

]
) as well as new notations E=A−1B and d=A−1c leads to a sys-

tems of equations for the overall radial fluxes in the root system, namely

Jrad = Lrad
[
(E − I)hsoil(r0) + d

]
, (8)
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where I is the identity matrix of dimension N, the overall number of root nodes. This
system can be simplified to

Jrad = Whsoil(r0) +ω , (9)

where W=Lrad (E−I) and ω=Lradd .

2.2.2 The microscopic radial water flow within the soil5

The microscopic flow towards the root is assumed to be only one dimensional in radial
direction towards the root, where the soil domain is modeled as a cylinder of radius rdisc
and height ∆z. Local hydraulic gradients in soil water potential towards the root can be
obtained with an approximated analytical solution of the Richards equation (steady rate
assumption after Jacobsen (1974) and De Willigen and van Noordwijk (1987) where10

the temporal change in water content is assumed to be r independent)
∂θsoil

∂t
=

1
r
∂
∂r

[
K (hsoil)r

∂hsoil

∂r

]
= const. (10)

In matrix flux potential notation, this equation becomes an ODE as

1
r
∂Φsoil

∂r
+

∂2Φsoil

∂r2
= const. , (11)

with the following solution15

Φsoil(r) =
τ3

4
r2 + τ2 log(r) + τ1 , (12)

where τp are integration constants set by boundary/initial conditions.

The matric flux potential Φsoil [m2 s−1] is defined as a function of soil water potential
hsoil by

Φsoil(hsoil) −Φref
soil =

hsoil∫
href

soil

K (h′
soil)dh

′
soil , (13)20

4241

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/6/4233/2009/hessd-6-4233-2009-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/6/4233/2009/hessd-6-4233-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
6, 4233–4264, 2009

Architecture and root
water uptake

C. L. Schneider et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

where Φref
soil and href

soil are reference states of the system. For href
soil→−∞, the reference

matric flux potential tends to Φref
soil→0, so

Φsoil(hsoil) =

hsoil∫
−∞

K (h′
soil)dh

′
soil . (14)

The solution of this integral depends on the functional form of K (hsoil). Unfortunately,
for the Mualem-van-Genuchten parametrization used in our soil water model, no explicit5

solution is known. Therefore a closed analytical relationship between water potential h
and matrix flux potential Φ can not be established. Nevertheless, within a certain range
of 4, the matric flux potential can be approximated by the following transfer function

Φsoil(r0) = b1 exp
(
b2 |hsoil|

b3 + b4

)
, (15)

with bk soil dependent fitting parameters. For our simulations, the soil parameters bk10

of Eq. (15) were fitted to the numerical calculated Φ-h-profile for a sandy soil set up by
the Mualem-van-Genuchten parameters given in Table 1.

The solution of Eq. (11) (similar to de Jong van Lier et al., 2008 or Schröder et al.,
2009) with given boundary conditions (zero flux at outer boundary, radial flux Jrad at
inner boundary and a given bulk matric flux potential at a certain radial distance rΦb

)15

can be written as

Φ(r0) = Φb +
Jrad

2πl

(
a2 − γ + γ log(a2γ)

2 − 2γ

)
, (16)

with γ=
(
rΦb

/r0

)2
, r0 the root radius, rdisc the soil disc radius and rΦb

=ardisc, where

a=0.607 is proposed by de Jong van Lier et al. (2006).
Hence, the soil water flow corresponding to all root segments is given by the gradi-20

ent in matrix flux potential between the soil-root interface and the bulk soil multiplied
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with a function determined by the boundary conditions and hence depending on the
segment geometry (given by Eq. 16),

Jn
rad = gn (Φn

soil(r0) −Φn
b

)
, (17)

with

gn =
4πln(1 − γn)

a2 − γn + γn log(a2γn)
. (18)5

Writing the radial soil water flow in matrix notation for all N segments with G the

main diagonal matrix containing the functional terms gn (G=diag
[
g0, ..., gn, ..., gN

]
,

we receive

Jrad = G (Φsoil(r0) −Φb) . (19)

2.2.3 Coupling the root and radial soil water flow10

The radial root water flow Eq. (9) and the radial soil water flow Eq. (19) are set equal
(coupled directly via flux type condition)

Whsoil(r0) +ω = G (Φsoil(r0) −Φb) , (20)

with Φ given as a nonlinear function of h depending on soil parameters (here given by
Eq. 15) resulting in15

Whsoil(r0) +ω = G (f (hsoil(r0)) − f (hb)) . (21)

This nonlinear system of equations is solved based on a certain bulk water potential
and the given root system with its specific boundary condition at the root collar (forming
the matrices W, G and the vector ω) leading to a distribution of the water potential at
the soil-root-interface hsoil(r0).20
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2.2.4 The sink term for the macroscopic bulk water flow in the unsaturated zone

Figure 1 shows the model scheme we use to implement the sink terms into the bulk
soil water flow model and how the bulk soil water potential feeds back to the microscale
radial soil water flow model. Our concept underlies the assumption that all soil discs
around root segments covering a certain soil volume Ωi jk share uniform bulk water5

potential hb and soil disc radii rdisc.
The sink term S for the bulk soil water flow model is calculated by summing up the

radial fluxes Jm
rad of all soil discs m belonging to a certain bulk soil volume Ωi jk as

S(i , j, k) =
∑
m

Jm
rad ∀ Jm

rad ∈ Ωi jk

Ωi jk = {(x, y, z) ∈ R3 : ai ≤ x ≤ ai+1 ,10

bj ≤ y ≤ bj+1, ck ≤ z ≤ ck+1} ,

with i , j∈{1 . . . Nhor +1}⊂Z, k∈{1 . . . Nvert +1}⊂Z, where Nhor and Nvert are the number
of bulk soil volumes in the horizontal and vertical direction and the rules for ai , bj and
ck are the following

ai = xmin + (i − 1)∆x; ∆x = xmax−xmin
Nhor

;15

bj = ymin + (j − 1)∆y ; ∆y = ymax−ymin
Nhor

;

ck = zmin + (k − 1)∆z; ∆z = zmax−zmin
Nvert

.

2.3 The root architecture model

The root architecture model used for our simulations is based on the generic model
RootTyp by Pagès et al. (2004). The generator creates realizations of the same species20

by simulating growth as a random process covering root emission, axial and radial
growth, sequential branching, reiteration, transition, decay and abscission. The inter-
play of these processes is parametrized plant specifically. We used a parameter set for
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plant species of sorghum type which is a class of numerous grass species. The size of
the root system depends on the stage of plant development, hence age. All generated
root systems are characterized by their interconnected root segments of a designated
order. The order defines the segments axial resistance per length (due to alternat-
ing xylem vessel elaboration), radial resistivity (due to different stages of suberization)5

and root radius (Table 1). Figure 2 shows exemplary a root system for one of the 50
realizations.

2.4 The Feddes model

The RWU function of Feddes (like in Feddes et al., 2001) is the following

S(h(x, y, z)) = αrw(h)
P (x, y, z)∫

V
P (x, y, z)dV

TPot , (22)10

with P the fraction of root length density at a given point, V the volume of the soil domain
and TPot the potential transpiration rate. The Feddes approach includes a water stress
function αrw, where the most common implemented stress function has the form shown
in Fig. 3.

2.5 Model input and scenarios15

The model exercise was divided into three characteristic cases: (1) the Feddes ap-
proach widely applied in current SVAT models based on the RLD neglecting the root
systems network character as well as microscopic radial water flow within the soil, the
aRoot simulations for (2) Scenario A where higher order roots own higher radial re-
sistances and the aRoot simulations for (3) Scenario B where higher order roots own20

lower radial resistances (see Table 1). The reason for distinct the aRoot model in two
Scenarios (A and B) is the ongoing debate on the range of the radial resistance values
(see Steudle and Peterson, 1998; Zwieniecki et al., 2003).
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We performed the simulations for all three cases on 50 root system realizations. The
simulation time for root water uptake for all realizations was set to 10 d (with time steps
of ∆t=30 min) starting from an uniform, initial saturation of Θ=0.4. The bulk soil water
flow model runs on a 2.5×2.5×2.5 (cm) grid cell size. The overall soil domain size in x-,
y- and z-direction is 27.5×27.5×22.5 (cm) among all root realizations. The plants root5

system age was set to 1 month (28 d) where there was no further root growth applied
within the simulation time.

The transpiration rate was assumed to be time invariant with TPot=− 8×10−10 [m3/s]
over the 10 d of unlimited uptake, as long as the root collar potential has not exceeded
a given threshold. If the corresponding variable collar potential drops this critical value10

hcrit
xylem, then the boundary switches from a flux type to a potential type condition and

transpirational flux gets variant.
The radial resistivity RadRes (as a material constant for root order k) is assumed

to decline with increasing k caused by less suberization. Radial resistance Rr is the
ratio of RadRes to the root outer surface area (Rr=RadRes/(2πr0l ), [s/m2]). Also,15

we assume that axial resistance per length AxRe increases with root order (due to
decreasing root radius), multiplied by the root segment length l it gives the axial resis-
tance Ra=AxRe×l (s/m2).

Parameters of Scenario A are in agreement to measurements by Steudle and Peter-
son (1998, p. 778): Root properties of segment order 2 are referenced by the mature20

late metaxylem measurements where for root order 4 characteristics are given by the
early metaxylem. For Scenario B radial resistance was decreased, but only for higher
order roots, so that Ra/Rr is in the range of 0.025 in accordance to the results of Zwie-
niecki et al. (2003).
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3 Results

3.1 Influence of root architecture and hydraulic root parameters on root water
uptake behavior

Figure 4 shows the modeled root water uptake (RWU) versus root length density (RLD).
The plotted points represent entities on the bulk scale where the RLD was calculated5

by counting root segment lengths in each bulk soil grid cells and RWU is the given sink
term of the bulk soil water flow in Eq. (1). We plotted all model runs (50 realizations of
each, the Feddes approach, aRoot Scenario A and aRoot Scenario B) at three different
time steps (0, 5 and 10 d).

For the initial time step plotted (Fig. 4a), all model runs provide very similar results.10

The results of the Feddes approach matches perfectly the 1:1 line which is expected
from the model assumption. For later time steps (Fig. 4b and 4c), we see that Sce-
narios A and B of aRoot show some compensation effects: water uptake from areas
of higher RLD is decreased and this decline is compensated by increased uptake from
lower RLD regions. Also, at t=5 and t=10 d, the sink terms of the Feddes approach15

and the aRoot Scenarios A and B are comparably similar for higher RLD (between 0.1
and 0.35). Within this RLD range, water uptake is highest for the Feddes model and
lowest for Scenario B. However, in the part of lower RLD (up to 0.1) the sink terms for
the Feddes model remain mostly at the 1:1 line with no compensational effects.

3.2 Influence of root architecture on vertical uptake profiles20

In Fig. 5, we plot the vertical profiles for RLD and RWU. For this, both variables are
averaged over the horizontal soil domain and normalized by the total root length re-
spectively the potential transpiration rate TPot.

All 50 root system realizations show a similar RLD profile resulting in a narrow 90%
confidence band. For the aRoot Scenarios A and B, the RWU profiles show larger25

confidence bands than the RLD profile. Moreover, during the simulation, the confidence
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intervals for the water uptake profiles increase in all three cases. The strongest spread
can be seen for Scenario B, while the Feddes approach shows only very little variation.

At the initial time step, t=0 d, the mean water uptake profile for both aRoot scenarios
is in the range of the mean RLD profile. The confidence bands show a slightly higher
spread for the uptake profiles than for the RLD profiles. At t=10 d, the mean uptake5

at layers with high RLD is for Scenario B only 40% of what would be expected by the
RLD profile. At the same time, it is up to 300% higher than RLD at deeper soil layers
of lower rooting density. The same trends can be observed for Scenario A but with
smaller differences between vertical RWU and RLD because of already limited uptake.

Furthermore, the vertical water uptake profiles of Scenarios A and B show a moving10

uptake front from layers of high RLD to layers of lower RLD for both scenarios. This
shift is faster for Scenario B than for A. Also for Scenario A, RWU is limited earlier than
for Scenario B resulting in a slighter compensation of decreased uptake from higher
layers (already drier) by increased uptake from lower rooted layers (still wet).

Compared to the aRoot model, we see important differences in the Feddes model: at15

timestep t=0 d the profiles of vertical uptake do perfectly match the RLD profiles as can
already be seen in Fig. 4a. With time the uptake in the layers of higher RLD decreases
but with no compensation of water uptake from less densely rooted layers. The width of
the confidence bands remains almost constant in the layers of decreased uptake while
they still match the RLD profiles in the nonlimited deeper layers. This general uptake20

behavior leads to early limitation of water uptake compared to the aRoot model.

3.3 Influence of root architecture on critical point of water uptake limitation

Another important factor for modeling root water uptake is the relation between tran-
spirational demand and resulting collar potential (or vice versa). This can only be
investigated with a model where xylem potentials are resolved, which is the case for25

aRoot but not for the Feddes model.
Figure 6 shows the evolution of the root collar potentials over simulation time for all 50

realizations. The influence of root radial resistance on collar potential becomes obvious
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by comparing Fig. 6a (Scenario A) and b (Scenario B). We see that plants in Scenario
A would exhibit a more negative xylem pressure than in Scenario B. This is due the
larger resistance in the flow path from soil to xylem. The curves also show a high
variability among the realizations for Scenario A where for B, the confidence interval
is narrow for most of the simulation. We also see that plants in Scenario A reach5

the critical point of limited water uptake much earlier than in Scenario B. There, water
uptake is still unlimited at the end of the 10 day long simulations for all realizations.

In Fig. 7, we plot only for Scenario A mean soil saturation versus resulting actual
transpiration. We observe a wide spread of expected water uptake from individual root
architectures. While in early limited root systems uptake is reduced by 40%, other10

systems are still not limited after 10 d of transpiration.

4 Discussion

In this model exercise we generated 50 root architectures using the model RootTyp
of Pagès (Pagès et al., 2004). These realizations could be interpreted as 50 different
individuals of the same plant species and age. The obtained root systems show similar15

root length density profiles, as indicated by the narrow confidence intervals shown in
Fig. 5. Root length density decreases exponentially with depth for all individuals. This
is in accordance to observations not only for grasses, but for all biomes (Schenk and
Jackson, 2002).

For these root systems, root water uptake was simulated over 10 days of transpiration20

by three model cases: the architecture based aRoot model by Scenarios A and B
and the root length based SVAT approach by Feddes. We implemented Scenarios
A and B both based on current literature in plant physiology (see Steudle and Peterson,
1998; Zwieniecki et al., 2003). For Scenario A, radial resistivity of higher order roots
is set within the higher range, where for Scenario B it is at the lower limit. The model25

results for both Scenarios differ, but both show a confidence spread over all modeled
individuals, either regarding the evolved collar potential and reaching limiting soil water
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conditions (Scenario A) or regarding the distribution of vertical uptake profiles over soil
depth (Scenario B).

While Scenario A gives vertical uptake profiles that do differ less among the 50 real-
izations than Scenario B, it shows a high variability in xylem potentials that need to be
applied at the root collar. The temporal evolution of collar potential differs among the5

realizations for Scenario A already at early times, which emphasizes the role of higher
root radial resistances. The opposite holds for Scenario B: We see more scatter among
the vertical uptake profiles than for Scenario A but less scatter in the evolution of root
collar potentials. This variability in the vertical RWU profiles is due to the effects of local
soil water depletion. Thus, the influence of root architecture on RWU is either more on10

the plants side (concerning the temporal evolution of collar potentials, Scenario A) or
on the soils side (concerning the vertical uptake profiles, Scenario B).

In our aRoot simulations the modeled root water uptake moves from densely to less
densely rooted layers with time. This is in agreement with observation (Garrigues
et al., 2006; Lai and Katul, 2000) as well as with results from detailed 3-D models for15

root water uptake (Doussan et al., 2006; Javaux et al., 2008). Our results suggest that
the dynamic of this shift depends on the individual root architecture as well as on root
properties (here the range of radial resistances). The Feddes approach does not show
this moving uptake behavior and also lacks the architecture based scattering in water
uptake rates versus RLD. Javaux et al. (2008) already pointed out, the parameterization20

of the Feddes model seems to have little biophysical basis. Our results support this
interpretation.

In our simulations, the occurrence of decreasing water uptake is not at a unique
critical point in soil water potential (corresponding to point h3 in Fig. 3). This was the
case, although we used the same soil environment and same plant species (with similar25

RLD profiles). Rather, this study shows that root architecture influences the critical
point of bulk soil water content where water uptake becomes limiting. The diverse
access of the root systems hydraulic active roots to the soil water storage explains this
model result.
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The proposed model aRoot underlies certain assumptions or simplifications.
Schröder et al. (2008) has shown, that the local soil hydraulic conductivity drop around
the roots becomes important when increasing the size of the bulk soil grid cells. We
accounted for this by implementing a microscale radial flow model coupled to the bulk
soil water flow. In their model study, Schröder et al. (2009) concluded that for coarser5

soil discretization, separating the microscale (radial) flow from bulk soil water flow as
done in aRoot (similar to their method C) gave the best results compared to fine dis-
cretized RWU models. The assumption of uniform bulk water content and soil disc radii
for all soil discs covering a certain soil volume is discussed in de Jong van Lier et al.
(2006). Further work would be necessary to quantify the influence of this assumption.10

Further on, within the current model version of aRoot no root growth occurs within
the 10 days long simulation. Although we have not implemented root growth, our sim-
ulations can be regarded as a stepwise analysis of water uptake related to a certain
soil water distribution. Coupling root growth to soil water availability would change
the focus of this paper from the role of root architecture on RWU to adaptivity issues.15

Nevertheless, root growth can be implemented into aRoot later.

5 Conclusions

In this paper, we developed a simplified model, that captures small scale features of
plant-water uptake but is still computationally fast. Although our model currently runs
with a 3-D Richards Model it is intended for later implementation in SVAT schemes and20

for testing hypothesis on optimal root behavior in different environments.
With our model, we find a wide range of vertical water uptake profiles even for very

similar vertical RLD profiles which is a result of the individual behavior of each root
architecture and its hydraulic parameters. Root architecture becomes more important
for the spatial distribution of uptake with time as shown by the increase of confidence25

bands for the vertical uptake profiles.
The model predictions with the architecture based model aRoot show different be-
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havior than the Feddes Model. The Feddes model distributes and limits root water
uptake based on two key properties of the plant or plant community 1) the root length
density profile, and 2) the critical point where water uptake starts to be limited by soil
moisture (h3 in Fig. 3). Our modeling results with aRoot suggest that both of these
properties are not suitable for describing the distribution of real water uptake. While5

the root length density distribution was similar for all 50 root system realizations, root
water uptake profiles differed considerably between individuals. This was especially the
case, when assuming relatively low values of root radial resistance (Scenario B). Also,
transpiration started to get limited at a wide range of bulk water contents, particularly
for Scenario A, where large root radial resistance was assumed.10

Our results suggest that root water uptake behavior might vary greatly between indi-
viduals of a particular species. More research is necessary to support this conclusion,
and to identify such root properties, which are suitable for describing root water uptake
profiles.
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Table 1. Model parameters.

Root properties
Segm. r0 [m] RadRes [s] AxRe [s/m3]
Order Scenario A Scenario B Scenario A/B

0 0.005 5×1010 5×1010 1×109

1 0.0035 1.5×1010 1.5×1010 2×109

2 0.002 7×109 9×108 6×109

3 0.001 3×109 5×108 8×1010

4(=) 0.0005 1×109 1×108 1×1012

Soil properties

θinit
soil 0.4 initial soil water status [–]

θPWP
soil 0.08 permanent wilting point saturation [–]

van Genuchten parameters for sandy soil

Ks 1.785 saturated soil water conductivity [µm/s]
φ 0.46 soil porosity [–]
αG 1.44 [1/m]
λG −0.215 [–]
βG 0.534 [–]
mG 0.348 =βG/(1+βG)
nG 1.534 =βG+1

Feddes model: water stress function αrw for sandy soil

h1 −1 [m]
h2 −2 [m]
h3 −100 [m]
h4 −150 [m]

Boundary conditions

TPot −0.8 potential transpiration rate [mm3/s]

hcrit
xylem −150 critical xylem water potential [m]
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Table 2. List of variables and abbreviations.

Symbol Units Description

r m radial distance
x, y, z m cartesian coordinates
l m root segment length
t s time
h m matric potential
Φ m2/s matric flux potential
θ m3 m−3 volumetric water content
J, T, S m3/s volume fluxes
K m/s hydraulic conductivity
R s/m2 hydraulic resistance
L m2/s hydraulic conductance
P – fraction of root length density
RLD root length density
RWU root water uptake
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Fig. 1. Concept of coupling microscale radial flow to bulk flow including xylem potentials for
a bulk soil volume Ωi jk .
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Fig. 2. 2-D-plot of a root system realization created by the root architecture generator RootTyp.
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Soil water pressure head

0.0
0.0

1.0

αrw

h₄ h₁h₂h₃

Fig. 3. Water stress function used in the Feddes model: Water uptake above h1 and below
h4 is set to zero due to oxygen deficit and wilting point. Between h2 and h3 water uptake is
maximal (αrw=1). Above h2 and below h3, the so-called critical point, water uptake gets limited
where the precise value of h3 is assumed to vary with potential transpiration rate TPot.
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(a) 0 days (b) 5 days

(c) 10 days

Fig. 4. Sink term vs. RLD for 50 Realizations of Scenario A (red square), Scenario B (blue
circle) and Feddes (black dot) at (a) initial time step t=0, (b) after 5 d and (c) after 10 d (sink
terms are normalized by the potential transpiration rate TPot and RLD by total root length).
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Fig. 5. Vertical Profiles of RLD (dashed) and RWU (dotted) over soil depth for 50 Realizations
of Scenario A (left), B (middle) and Feddes (right) at time steps t=0 (up), 5 (middle) and 10
(bottom) days. The dark gray band is the 90% confidence interval for the vertical RLD profile,
where the light gray band is the 90% confidence interval for the RWU profile (transparent red
bands denote limited water uptake).
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(a) Scenario A

(b) Scenario B

Fig. 6. Temporal evolution of collar potentials for Scenario (a) A
and (b) Scenario B. The black dotted line is the mean xylem water
potential at the root collar for all 50 realizations. The gray band
denotes the 90% confidence interval and the light gray lines are the
individual collar potential curves.

et al., 2008). Our results suggest that the dynamic of this
shift depends on the individual root architecture as well as
on root properties (here the range of radial resistances). The
Feddes approach does not show this moving uptake behavior
and also lacks the architecture based scattering in water up-
take rates versus RLD. Javaux et al. (2008) already pointed
out, the parameterization of the Feddes model seems to have
little biophysical basis. Our results support this interpreta-
tion.

In our simulations, the occurrence of decreasing water up-
take is not at a unique critical point in soil water potential
(corresponding to point h3 in Figure 3). This was the case,
although we used the same soil environment and same plant
species (with similar RLD profiles). Rather, this study shows
that root architecture influences the critical point of bulk soil
water content where water uptake becomes limiting. The di-
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Fig. 7. Individual collar fluxes (black dotted line) for all 50 realiza-
tions of Scenario A over mean soil saturation defined as the integral
of the entire soil domain (regarding the soil domain as a simple
bucket).

verse access of the root systems hydraulic active roots to the
soil water storage explains this model result.

The proposed model aRoot underlies certain assumptions
or simplifications. Schröder et al. (2008) has shown, that the
local soil hydraulic conductivity drop around the roots be-
comes important when increasing the size of the bulk soil
grid cells. We accounted for this by implementing a mi-
croscale radial flow model coupled to the bulk soil water
flow. In their model study, Schröder et al. (2009) concluded
that for coarser soil discretization, separating the microscale
(radial) flow from bulk soil water flow as done in aRoot (sim-
ilar to their method C) gave the best results compared to fine
discretized RWU models. The assumption of uniform bulk
water content and soil disc radii for all soil discs covering
a certain soil volume is discussed in de Jong van Lier et al.
(2006). Further work would be necessary to quantify the in-
fluence of this assumption.

Further on, within the current model version of aRoot no
root growth occurs within the 10 days long simulation. Al-
though we have not implemented root growth, our simula-
tions can be regarded as a stepwise analysis of water uptake
related to a certain soil water distribution. Coupling root
growth to soil water availability would change the focus of
this paper from the role of root architecture on RWU to adap-
tivity issues. Nevertheless, root growth can be implemented
into aRoot later.

5 Conclusions

In this paper, we developed a simplified model, that captures
small scale features of plant-water uptake but is still com-
putationally fast. Although our model currently runs with a
3D Richards Model it is intended for later implementation

Fig. 6. Temporal evolution of collar potentials for (a) Scenario A and (b) Scenario B. The black
dotted line is the mean xylem water potential at the root collar for all 50 realizations. The
gray band denotes the 90% confidence interval and the light gray lines are the individual collar
potential curves.
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Fig. 7. Individual collar fluxes (black dotted line) for all 50 realizations of Scenario A over mean
soil saturation defined as the integral of the entire soil domain (regarding the soil domain as
a simple bucket).
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