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Abstract. In this paper, we present a stand alone root waterl Introduction

uptake model called aRoot, which calculates the sink term

for any bulk soil water flow model taking into account wa- The global water and carbon cycles are key issues in climate
ter flow within and around a root network. The boundary and global change research. Within these complex systems,
conditions for the model are the atmospheric water demandplants are the central interface between the atmosphere and
and the bulk soil water content. The variable determining thehydrosphere. Transpiration plays a crucial role for the sur-
plant regulation for water uptake is the soil water potential atface energy balance as well as for the water cycle. It is
the soil-root interface. In the current version, we present arflso linked to the carbon cycle through its close connection
implementation of aRoot coupled to a 3-D Richards model.with photosynthesis. Hydrological as well as climate mod-
The coupled model is applied to investigate the role of rootels will benefit from an improved understanding of the pro-
architecture on the spatial distribution of root water uptake.cess of water flow through plants, in particular because they
For this, we modeled root water uptake for an ensemble (5@re sensitive to root water uptake paramet&mssporough
realizations) of root systems generated for the same speciet?97 Zeng et al. 1998. Also, great uncertainty in modeling
(one month old Sorghum). The investigation was divided transpiration stems from lack of knowledge about how much
into two Scenarios for aRoot, one with comparatively high Water is available to plant roots4i and Katu) 200Q Feddes

(A) and one with low (B) root radial resistance. We com- €t al, 2001).

pared the results of both aRoot Scenarios with root water up- Plant water uptake responds to soil moisture limitation at
take calculated using the traditional Feddes model. The verdifferent time and space scales. At the seasonal time scale,
tical rooting density profiles of the generated root systemsPlants may adapt their rooting system by root growth, in or-
were similar. In contrast the vertical water uptake profilesder to reach moister soil area#/gn et al, 20029. But also
differed considerably between individuals, and more so forat smaller time scales (like hours to days), plants have been
Scenario B than A. Also, limitation of water uptake occurred observed to change their uptake zone, and without altering
at different bulk soil moisture for different modeled individu- their root system&harp and Davied985 Green and Cloth-

als, in particular for Scenario A. Moreover, the aRoot modeli€r, 1995 Garrigues et al2008.

simulations show a redistribution of water uptake from more However, models for describing water flow at the soil-
densely to less densely rooted layers with time. This behavplant-atmosphere-interface (SVAT-schemes) include these
ior is in agreement with observation, but was not reproducedProcesses only partially. These schemes use a heuristic
by the Feddes model. parametrization for root water uptake that is applied as a sink
in the one-dimensional Richards Equation. Commonly, ver-
tical root water uptake profiles are related to the product of a
water stress function and the vertical rooting density distribu-
tion (like in Feddes et a11976. However, this parametriza-
tion leads to early predictions of limited transpiration, when

Correspondence taC. L. Schneider densely rooted soil layers dry oudddes et al2001) and
BY (christoph.schneider@ufz.de) thus neglects the plants adaptive response to water stress.
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In order to deal with these shortcomings, several algo- Third level models combine a variable xylem potential dis-
rithms have been developed to allow for a longer period oftribution along the root structure with the flow processes in
transpiration in a SVAT context.i et al. (2001) andTeuling  the soil domain. One such model was introducedbussan
et al. (2006 presented models that compensate water stresst al.(1999. Such root water uptake models can be coupled
in one part of the root zone by increased uptake from otheto three dimensional soil water flow models as donBaus-
soil areas without altering rooting density profilémfmek san et al(2006 or Javaux et al(2008. Simulations with
and Hopmang§2009 followed a similar approach. They pro- these detailed models show that the region of water uptake
posed a root water uptake compensation mechanism for HYmoves with time to deeper and moister layers, when top lay-
DRUS Gimiinek et al, 2006 2008, which allows for paral-  ers dry out. The coupling of soil and root water flow in the
lel consideration of compensated water and nutrient uptakeicinity of the root segments was first based on an averaging
in three dimensions. Also, besides compensation effects, arapproach. A finer spatial discretization of the numerical soil
other mechanism sustaining transpiration in dry sail, is hy-grid around the roots (as shown$thider et al.2009 can
draulic redistribution. It is defined as water transfer from represent the local gradients in soil water potential but at the
wetter into drier soil areas, via flow through the root sys- cost of increased computational burden.
tem. RecentlySiqueira et al(2008 and Amenu and Ku- In summary, previous research using small scale models
mar (2008 investigated this effect for delayed onset of water for water uptake indicates that both water flow in the soil
stress in a root water uptake model, again based on rootingear the root, but also within the root system itself shape the
density profiles. uptake behavior of the plant. Plant root systems vary greatly

The above models treat uptake and adaptation in a lumpeih form and morphology, not only between species, but also
way, and therefore do not consider the mechanisms at theetween individuals of the same species. This chapter con-
scale at which they take place. Models which include moretributes to answer the question, how does this variety influ-
detail could be used to gain the necessary process undeence the expected uptake pattern. Therefore, we propose a
standing, in order to transfer it to the SVAT scale. Small simplified third level model called aRoot and apply it to sim-
scale processes of root water uptake have already been imiate the water uptake of an ensemble of root systems of the
plemented in models of varying levels of complexity. same species and age. Our model results suggest that water

First level models distribute the transpirational demand onuptake profiles vary significantly between individuals.
the soil domain simply by the spatial distribution of roots
either in one (as SVAT models do), two or three dimensions
(Vrugt et al, 2001, Clausnitzer and Hopman$994. 2 Models and methods

Second level models include a description of microscopic
water flow along the potential gradient between the soil andThe major assumption for this study is that the process of
the root, either using an effective resistance along this gradiPlant water uptake is gradient driven by the difference be-
ent like Gardner(196Q 1964 or more realistic radial depen- tween soil water potential and atmospheric demand. In real
dent soil hydraulic propertied(zet et al.2003 de Jong van plants, this leads to a distribution of water potentials from
Lier et al, 2006. The latter cover the nonlinear behavior of the leaves (stomata control) over the trunks to the stem and
unsaturated water flow. This is an important mechanism infinally to the root system. Hence, the outer boundaries of the
drying soils Schidder et al, 2008, because steep potential plants water uptake system are the atmospheric water deficit
gradients develop around the roots. These models can be efnd the soil water potential. In this model exercise, we only
tended to include root radial resistance additionally to soilconsider the part from the soil up to the root collar. Within
resistance §iqueira et al.2008 Schymanski et 31.2009.  this study we make a comparison between two model ap-
For exampleLevin et al.(2007 showed with such a com- proaches for root water uptake. One approach uses a full
bined model that vertical uptake profiles changed depending-D Richards Equation (see Se2tl) coupled to the Feddes
on the assumed radial resistan@chymanski et al(2008 reduction function (Sec®.4) to simulate soil water stress ef-
applied such a model to modify root distribution within bio- fects on root water uptake. The other approach again uses
logical constraints according to soil water availability. the 3-D Richards Equation to model the bulk soil water flow

The approaches above imply that the potential on the sig€ombined with a smaller scale water uptake model called
of the root is constant throughout the root system. However, @aRoot” (Sect.2.2). This “aRoot” model was divided into
Zwieniecki et al.(2003 suggested in a combined measure- tWO scenarios of different root hydraulic parameterizations.
ment and model study that internal gradients along the root )
xylem exist. Depending on the ratio between the roots radiaP-1 Bulk water flow in the unsaturated zone
and axial resistance, the active uptake region could extend . , . . .
over the entire root or just part of it. This research was con-The R'|chards gquatlon describing the water movement in
ducted only for a single root, but might also be relevant forthe soil system is known as

uptake along the entire root system. 90

5:V[KV(IIISOH‘FZ)]_Q(-x’yaztt)’ (1)
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where 6 [m3m~3] is the volumetric soil water content,
o [m®m~3s~1]is the sink term rate delivered by the root wa-
ter uptake model (see ER2) for the aRoot approach of vol-
umetric flow rates) and[s] is time. The numerical solution Root properties

Table 1. Model parameters.

of the Richards Equation for bulk soil water flow is provided Segm. rg[m] ¢p sl Ry[sm3]
by GeoSysKolditz et al, 2008. Order Scenario A Scenario B Scenario A/B
Volumetric s.oiI water saturgtioa is defined as a func- g 0.006-0.004 5 100 551010  1x10°
tion of the soil water potential/soi[m] and can be ex- 1 0.004-0.003 Bx100 15x1010 2x10°
pressed by the Mualem-van-Genuchten parametrizagim (2 0.003-0.002 % 10° 9x 108 6x 107
Genuchten1980 as 3 0.002-0.001  Z10° 5x 108 8x 1010
4(>)  0.001-0.0005 %10° 1x10° 1x 1012
0 —06r 1 me , ,
- =P = —_— , (2) Soil properties
¢ —0 1+ |oc¥soil"® init o .
_ . . . Oui 0.4 initial soil water status [-]
where® is the normaﬁzed (or relat!ve) water con'temth 6PWP 008 permanent wilting point saturation []
the porosity of the soil and; the residual volumetric water '
content (at so-called permanent wilting point), whegg ng van Genuchten parameters for sandy soil
andmg are soil specific parameters (see Tablek [ms 1] Ks 1.785 saturated soil water conductivity [umg
in terms of normalized (or relative) water contétis then é 0.46 soil porosity [-]
given by aG 144 [1m]
AG —-0.215 -]
1\ MG 2 Bc 0.534 H
K (©) = Kk(®) = Ks©'C <1— (1— OG) ) , (3) mg 0.348 =Bc/(1+Bc)
nG 1534 =pc+1
where® can be replaced bysoj using Eq.R). The saturated Feddes model: water stress functjésy for sandy soil
hydraulic conductivityKs as well as the bulk soil porosity 1 1 [m]
are given in Tabldl. Accounting for the effect of root seg-  v» -2 [m]
ments exploring a certain soil volume, within our model the ¥3 —100 [m]

porosity ¢ of all soil grid cells is decreased by the corre- V4 —150 [m]

sponding fraction of volumetric root content. This is moti-  Boundary conditions

vaFed by the fact t_hat as root volume increases in a certain Trot 08 potential transpiration rate [mhs—1]
soil volume, the soils pore space gets less and hence less wa-, _150 critical xylem water potential [m]
ter can be hold in this soil volume.

crit
xylem

2.2 The hydraulic root water uptake model “aRoot”

In the following, we present a stand alone root water uptake Root hydraulic properties are assigned to each root seg-
model called aRoot, which calculates the sink term for thement according to their root order given by RootTyp (see
bulk soil water flow model. Since we apply an analytical ex- Sect.2.3 and Tablel). The axial resistanc®,x is calcu-
pression for the radial water flow towards the root, our modellated by multiplying the axial resistivity per length with the
concept does not require intense iteration between the bulkorresponding root length, while the radial resistancg; is
water flow model and aRoot for each time step. estimated by dividing the specific radial resistivity (material
property of each root segment) by root surface area.

The influence of osmotic potential differences are ne-
glected as well as the effect of aquaporins changing the spe-

ithi flow f o . C
Water flow Wlthm the plants takes pllace as a flow from root cific radial resistivity per root segmerteudle 2000 or the
surface to the inner root xylem (radial) and along the xylem o A ;
effect of cavitation on xylem vulnerability increasing the ax-

tubes (axial). The hydraulic uptake model applied to the root. .

systen(1 is sioatially >t;xplicit cc?nsisting of a I?fr—_)\twork of root lal resistancegperry et al.2003._ o

segments. Each individual root segment is modeled as a se- FOr €ach root segmentthe axial flux is implemented by

ries of axial and radial resistances similaroussan et al.  the formula

(1998. These root resistances operate as an effective value

for the underlying processes, like xylem development for the jn _ 1 (Al/jn | +Azn) , (4)

axial pathway and radial connectivity within the root cortex Rz, \ ¥

and epidermis (as described$teudle and Petersqth998

as the apoplastic, symplastic and transcellular pathways). whereA is the potential gradient along the root xylem axis
between two root nodes. The radial flux, which is the inflow

2.2.1 Water flow within the root system
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from the soil to the root segmentis given by

1
rrédz R_I}”L(‘(//;(lylem_ Wgon("o)) s (5)
with )’<1ylem denoting the xylem water potential within root

segment: and v/ ., (ro) the soil water potential at the root
surface of the corresponding soil disc
By applying the Kirchhoff’'s Law for summing up all in-

C. L. Schneider et al.: Architecture and root water uptake

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

19®soi = 3°Dgoi
+ soil soll — const, (11)
roor ar2
with the following solution
T
Psoil(r) = Zsr2+fz|09(r) +11, (12)

and outflows at a root node, we receive a system of equations ) ) -
describing the water fluxes of the root network that can beWwhere z, are integration constants set by boundary/initial

best described in matrix notation such as

A Yxylem = B ¥rs0il(ro) + ¢, (6)

where A is the system matrix (regarding radial and axial
root resistances) coupling root xylem pressure for interlinked

root nodesB is the input matrix connecting xylem poten-
tial to corresponding soil potentials amds the offset vec-

tor accounting for gravitation (lifting water up over the ver- .
tical axis) and the upper boundary condition (flux or poten-where®Z, andye,
tial boundary at root collar). The boundary condition at the ¥

root collar is initially fixed to a given fluXpqt. If the corre-

sponding variable collar potential drops below a critical value
then boundary switches to a potential condition and

Vo the |
transpirational flux becomes variant.

Rearranging Eq.6) gives
1ﬁXWET‘ﬂ:AilBlﬁsoil(’”O) +A e, (7)

By rewriting Eq. 6) for all root segmentsN and in-
troducing the conductance matrik¢ (main diagonal ma-
trix containing the inverse of the radial resistanegs=
diag[1/R?,....,1/R!,...,1/RN]) as well as new notations
E=A"1B andd =A~1c leads to a system of equations for
the overall radial fluxes in the root system, namely

Jrad= kr[(E—1)¥soil(ro) +d] , (8)
wherel is the identity matrix of dimensiowv, the overall
number of root nodes. This system can be simplified to
Jrad=Wrsoil(ro) + @ , 9)

whereW =k (E—1) andw =« d.

2.2.2 The microscopic radial water flow within the soil

conditions.
The matric flux potentiakbsoi[mZs1] is defined as a
function of soil water potentiabseil by

Vsoil
. . ref __ ! /
Cbson(lﬁson) - q)soil = f K(hson)dhson s

ref
wso il

(13)

ref are reference states of the system. For

ref > o0, the reference matric flux potential tends to

Pl -0, s0
Wsoil

P soil(Vsoil) = f K (hggidhgy - (14)
—00

The solution of this integral depends on the functional
form of K(¥seil). Unfortunately, for the Mualem-van-
Genuchten parameterization used in our soil water model,
no explicit solution is known. Therefore, a closed analytical
relationship between water potentlednd matric flux poten-
tial ® cannot be established. Nevertheless, within a certain
range off, the matric flux potential can be approximated by
the following transfer function

Dsoil(ro) = bleXp<b2 [¥rsoill 2 + b4) , (15)

with b, soil dependent fitting parameters. For our simula-
tions, the soil parametets, of Eq. (L5) were fitted to the
numerical calculated-4-profile for a sandy soil set up by
the Mualem-van-Genuchten parameters given in Table
The solution of Eql1 (similar tode Jong van Lier et al.
2008 or Schivder et al. 2009 with given boundary condi-

The microscopic flow towards the root is assumed to be onlyions (zero flux at outer boundary, radial fluxg at inner
one dimensional in radial direction towards the root, wherePoundary and a given bulk matric flux potential at a certain

the soil domain is modeled as a cylinder of raditsc and
height/,. Local hydraulic gradients in soil water potential

towards the root can be obtained with an approximated anag () =
Iytical solution of the Richards equation (steady rate assump-

tion afterJacobser{1974 andDe Willigen and van Noord-

wijk (1987 where the temporal change in water content isWith y =

assumed to beindependent)
90soil 19 dYsoil

ar _ ror ar

I:K(I/fson)r } =const (20)

Hydrol. Earth Syst. Sci., 14, 27989, 2010

radial distanceq,) can be written as

Jrad <a2 —-y+vy |09(a2y)>

D+ — 16
b+ 22, (16)

2nl

(r¢b/ro)2, ro the root radius gisc the soil disc
radius andrge, = ardisc, Wherea = 0.607 is proposed by
de Jong van Lier et a[2006. The soil disc radiusgisc is
linked to the root length in a given soil volume and is set
equal for all root segmentswithin this volume.

www.hydrol-earth-syst-sci.net/14/279/2010/
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Bulk soil water

Hence, the soil water flow corresponding to all root seg- potential (h.)
b.

ments is given by the gradient in matric flux potential be-

tween the soil-root interface and the bulk soil multiplied with @ /\ Iy
a function determined by the boundary conditions and hence - ‘
depending on the segment geometry (given byl B. > >
a0 = 8" (Psoil(ro) — @p). 17)
; 29,
with ) =V K[V (hy+z|-T
n A" (1—y") V
g"= (18) v

2_yn n 2,,n) "
ac—y"+y"log(acy") Sink term T = sum (J,),

Writing the radial soil water flow in matrix notation for all Based on boundary h,
N segments witls the main diagonal matrix containing the
functional termg” (G :diag[go g gN], we receive Fig. 1. Concept of coupling microscale radial flow to bulk flow
including xylem potentials for a bulk soil volune; ;.
Jrad= G (Psoil(r0) — Pp) . (19)
2.2.3 Coupling the root and radial soil water flow horizontal and vertical direction and the rules oy b; and

¢y are the following
The radial root water flow9) and the radial soil water flow . R
(19) are set equal (coupled directly via flux type condition) % =*min~+ (i —=DAx; Ax==mg e,

by =ymin+(j—DAy; Ay= maim,

hor

ck=zmin+(k—-1DAz; Az= W'

Wsqil(ro) + @ = G (Psoil(ro) — Pb) | (20)

with @ given as a nonlinear function afdepending on soil

arameters (here given by E resulting in
P ( 9 y E43) 9 2.3 The root architecture model

Wiksoi(ro) + 0= G (soilro)) = F () - @D The root architecture model used for our simulations is based
This nonlinear system of equations is solved based on a celen the generic model RootTyp Bags et al.(2004. The
tain bulk water potential and the given root system with its generator creates realizations of the same species by simulat-
specific boundary condition at the root collar (forming the ing growth as a random process covering root emission, axial
matricesW, G and the vectow) leading to a distribution of and radial growth, sequential branching, reiteration, transi-
the water potential at the soil-root-interfagey|(ro). tion, decay and abscission. The interplay of these processes
is parameterized plant specifically. We used a parameter set
2.2.4 The sink term for the macroscopic bulk water flow  for plant species of sorghum type, which is a class of numer-
in the unsaturated zone ous grass species. The size of the root system depends on the
stage of plant development, hence age. All generated root
Figure1 shows the model scheme we use to implement thesystems are characterized by their interconnected root seg-
sink terms into the bulk soil water flow model and how the ments of a designated order. The order defines the segments
bulk soil water potential feeds back to the microscale radialgxial resistance per length (due to alternating xylem vessel
soil water flow model. Our concept underlies the assumptione|aboration), specific radial resistivity (due to different stages
that all soil discs around root segments covering a certain soibf suberization) and root radius (see TabjeFigure2 shows
volumeg2;jx share uniform bulk water potentig, and soil  exemplary a root system for one of the 50 realizations.
disc radiirgisc.
The sink termS for the bulk soil water flow model is cal- 2.4 The Feddes model

culated by summing up the radial fluxg¢$, of all soil discs
m belonging to a certain bulk soil VOlumijk as The RWU function of Feddes (||ke iReddes et a,l200]) is

the following
SGjk) =Y Ty Y Jig€ Qg
" Q(h(%y,z)):ﬁrw(h)
Qijk = {(x,y,2) eR®:q; <x <aj41,

Ly (x,y,2)

——— Tpot, 22
Vv

bj<y=<bji1,ck <z =<ckt+1}
’ / with L{, [m m~3] the accumulated root length per volume

withi,j e {1l...Nhor+1} CZ,k € {1... Nyert+ 1} C Z, where (RLD) at a point, V the overall volume of the soil-root
Nhor and Nyert are the number of bulk soil volumes in the domain and7Zpo[m3s~1] the potential transpiration flow

www.hydrol-earth-syst-sci.net/14/279/2010/ Hydrol. Earth Syst. Sci., 14,2882010
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h, h,

Soil water pressure head —————>

Fig. 3. Water stress function used in the Feddes model: Water up-
take abovei, and belowhy is set to zero due to oxygen deficit
Fig. 2. 2-D-plot of two arbitrarily chosen root system realizations and wilting point. Betweerh, and 3 water uptake is maximal

created by the root architecture generator RootTyp. (arw = 1). Aboveh; and belowng, the so-called critical point, wa-
ter uptake gets limited where the precise valuéfs assumed to

vary with potential transpiration raé.
rate. To get the volumetric flow rat&(x, y,z), the extrac-
tion rate (of volume of water per volume of soil per time)
o [m®m~23s~1] has to be applied to a specific soil volurfte
The Feddes approach includes a water stress funggjgn
where the most common implemented stress function has th
form shown in Fig3.

The specific radial resistan¢g (as a material constant for
root orderk with a given thickness of the roots radial path-
way) is assumed to decline with increasingaused by less
suberization, where, is calculated by multiplying the ma-
terials resistivityy , with the roots radial thickness. Ra-

2.5 Model input and scenarios dial resistance; is the ratio ofz, to the root outer surface
area Ry =¢,/(2mrol) [s m~2]). Also, we assume that axial
The model exercise was divided into three characteristiaesistance per lengtR; increases with root order (due to de-
cases: (1) the Feddes approach widely applied in currentreasing root radius), multiplied by the root segment length
SVAT models based on the RLD neglecting the root sys-I; it gives the axial resistanc@ay=R; x Iy [s m2].
tems network character as well as microscopic radial water Parameters of Scenario A are in agreement with measure-
flow within the soil, the aRoot simulations for (2) Scenario ments bySteudle and Peters¢h998(page 778): Root prop-
A where higher order roots have higher radial resistances andrties of segment order 2 are referenced by the mature late
the aRoot simulations for (3) Scenario B where higher ordermetaxylem measurements whereas for root order 4 charac-
roots have lower radial resistances (see Tahldhe reason teristics are given by the early metaxylem. For Scenario B ra-
for dividing the aRoot model in two Scenarios (A and B) is dial resistance was decreased, but only for higher order roots,
the ongoing debate on the range of the radial resistance vabko thatRax/R; is in the range of @25 in accordance to the
ues (references froteudle and Petersph998 Zwieniecki  results ofZwieniecki et al.(2003.
et al, 2003.

We performed the simulations for all three cases on 50
root system realizations. The simulation time for root water3 Results
uptake for all realizations was set to 10 days (with time steps ) )
of At =30min.) starting from a uniform, initial saturation 3-1 Influence of root architecture and hydraulic root
of ® =0.4. The bulk soil water flow model runs on & parameters on root water uptake behavior
2.5x 2.5[cm] grid cell size. The overall soil domain size
in x-, y- and z-direction is 275 x 27.5 x 22.5 [cm] among
all root realizations. The plants root system age was set t
1 month (28 days) where there was no further root growth
applied within the simulation time.

The transpiration rate was assumed to be time invarian
with Tpot=-8 x 10719°m3s~1 over the 10 days of unlimited
uptake, as long as the root collar potential has not exceede
a given threshold. If the corresponding variable collar poten-
tial drops below this critical valuggi., ., then the boundary
switches from a flux type to a potential type condition an
transpirational flux gets variant.

Figure 4 shows the modeled root water uptake (RWU) ver-
us root length density (RLD). The plotted points represent
entities on the bulk scale where the RLD was calculated by
counting root segment lengths in each bulk soil grid cells and
WU is the given sink term of the bulk soil water flow in
g. ). We plotted all model runs (50 realizations of each,
e Feddes approach, aRoot Scenario A and aRoot Scenario
) at three different time steps (0, 5 and 10 days).
For the initial time step plot (Figda), all model runs pro-
d vided very similar results. The results of the Feddes approach
match perfectly the 1:1 line which was expected from the
model assumption. For later time steps (Fb.and c), we

Hydrol. Earth Syst. Sci., 14, 27289, 2010 www.hydrol-earth-syst-sci.net/14/279/2010/
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Fig. 4. Sink term vs. RLD for 50 Realizations of Scenario A (red square), Scenario B (blue circle) and Feddes (blaciajiotitiat time
stepr =0, (b) after 5 days andc) after 10 days (sink terms are normalized by the potential transpiratiofg{@nd RLD by total root
length)

see that Scenarios A and B of aRoot show some compensdrends were observed for Scenario A but with smaller differ-
tion effects: water uptake from areas of higher RLD is de-ences between vertical RWU and RLD because of already
creased and this decline is compensated by increased uptakeited uptake.

from lower RLD regions where Scenario B shows a stronger Furthermore, the vertical water uptake profiles of Scenar-
compensation than Scenario A does. Also,-ab andr =10 ios A and B showed a moving uptake front from layers of
days, the sink terms of the Feddes approach and the aRobigh RLD to layers of lower RLD for both scenarios. This
Scenarios A and B were comparably similar for higher RLD shift was faster for Scenario B than for A. Also for Scenario
(between 0.1 and 0.35). Within the range of lower RLD (nor- A, RWU was limited earlier than for Scenario B resulting
malized values from 0 to.Q), water uptake was highest for in a slighter compensation of decreased uptake from higher
the Feddes model and lowest for Scenario B. However, in thdayers (already drier) by increased uptake from lower rooted
part of lower RLD (up to 0.1) the sink terms for the Feddes layers (still wet).

model remained mostly at the 1:1 line with no compensa- Compared to the aRoot model, we see important differ-
tional effects. This missing effects are a straight result of theences in the Feddes model: at timestepO days the pro-

Feddes model assumptions. files of vertical uptake do perfectly match the RLD profiles
as can already be seen in Fig.. With time the uptake in the
3.2 Influence of root architecture on vertical uptake layers of higher RLD decreases but with no compensation of
profiles water uptake from less densely rooted layers. The width of

. . _ the confidence bands remains almost constant in the layers
In Fig. 7, we plotted the vertical profiles for RLD and RWU.  of decreased uptake while they still match the RLD profiles

For this, both variables were averaged over the horizontal soijy the nonlimited deeper layers. This general uptake behav-

domain and normalized by the total root length respectivelyior leads to early limitation of water uptake compared to the
the potential transpiration raot. aRoot model.

All' 50 root system realizations showed a similar RLD pro-
file resulting in a narrow 90% confidence band. For the aR0083.3  Influence of root architecture on critical point of
Scenarios A and B, the RWU profiles showed larger con- water uptake limitation
fidence bands than the RLD profile. Moreover, during the
simulation, the confidence intervals for the water uptake pro-Another important factor for modeling root water uptake is
files increased in all three cases. The strongest spread couttie relation between transpirational demand and resulting
be seen for Scenario B, while the Feddes approach showecbllar potential (or vice versa). This can only be investigated
only very little variation. with a model where xylem potentials are resolved, which is
At the initial time steps = 0 days, the mean water uptake the case for aRoot but not for the Feddes model.
profile for both aRoot Scenarios was in the range of the mean Figure5 shows the evolution of the root collar potentials
RLD profile. The confidence bands showed a slightly higherover simulation time for all 50 realizations. The influence
spread for the uptake profiles than for the RLD profiles. At of root radial resistance on collar potential becomes obvious
t=10 days, the mean uptake at layers with high RLD was forby comparing Fig5a (Scenario A) and b (Scenario B). We
Scenario B only 40% of what would be expected by the RLD see that plants in Scenario A would exhibit a more negative
profile. At the same time, it was up to 300% higher than xylem pressure than in Scenario B. This is due to the larger
RLD at deeper soil layers of lower rooting density. The sameresistance in the flow path from soil to xylem. The curves

www.hydrol-earth-syst-sci.net/14/279/2010/ Hydrol. Earth Syst. Sci., 14,28%2010



286 C. L. Schneider et al.: Architecture and root water uptake

0 3 0 9
—~Mean —~Mean
[90% contf. interv. [190% contf. interv.
E -50 E 50
S °
s s
S K
° °
o o
3 -100, S -100
o o
-150 i -150 I
0 2 4 6 8 10 0 2 4 6 8 10
time [d] time [d]
(a) Scenario A (b) Scenario B

Fig. 5. Temporal evolution of collar potentials fa) Scenario A an@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.

also show a high variability among the realizations for Sce- 0.9
nario A where for B, the confidence interval is narrow for
most of the simulation. We also see that plants in Scenario A
reach 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. 6, we plotted only for Scenario A mean soil sat-
uration versus resulting actual transpiration. We observed
a wide spread of expected water uptake from individual root
architectures. While in early limited root systems uptake was
reduced by 40 %, other systems were still not limited after 10
days of transpiration.
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4 Discussion ean soil water saturation [-]

In this model exercise we generated 50 root architectures uss; . . o
. N N g. 6. Individual collar fluxes (black dotted line) for all 50 realiza
Ing Fhe _mOdeI ROOtTVP of Pag Pags et a_l" 2004). _Th_e_se tions of Scenario A over mean soil saturation defined as the integral
realizations could be interpreted as 50 different individualSys the entire soil domain (regarding the soil domain as a simple
of the same plant species and age. The obtained root sygycket).
tems show similar root length density profiles, as indicated
by the narrow confidence intervals shown in Ffg. Root  evolved collar potential and reaching limiting soil water con-
length density decreases exponentially with depth for all in-ditions (Scenario A) or regarding the distribution of vertical
dividuals. This is in accordance to observations not only foruptake profiles over soil depth (Scenario B).
grasses, but for all biomeS¢henk and JackspR002). While Scenario A gives vertical uptake profiles that do dif-
For these root systems, root water uptake was simulateder less among the 50 realizations than Scenario B, it shows
over 10 days of transpiration by three model cases: the archia high variability in xylem potentials that need to be applied
tecture based aRoot model by Scenarios A and B and that the root collar. The temporal evolution of collar poten-
root length based SVAT approach by Feddes. We imple-ial differs among the realizations for Scenario A already at
mented Scenarios A and B both based on current literaturearly times, which emphasizes the role of higher root radial
in plant physiology (se&teudle and Petersph998 Zwie- resistances. The opposite holds for Scenario B: We see more
niecki et al, 2003. For Scenario A, the specific radial re- scattering among the vertical uptake profiles than for Sce-
sistivity of higher order roots is set within the higher range, nario A but less scatter in the evolution of root collar poten-
where for Scenario B it is at the lower limit. The model re- tials. This variability in the vertical RWU profiles is due to
sults for both Scenarios differ, but both show a confidencethe effects of local soil water depletion. Thus, the influence
spread over all modeled individuals, either regarding theof root architecture on RWU is either more on the plants side
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Fig. 7. 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 =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).

(concerning the temporal evolution of collar potentials, Sce- The proposed model aRoot underlies certain assumptions
nario A) or on the soils side (concerning the vertical uptakeor simplifications.Schidder et al(2008 has shown, that the
profiles, Scenario B). local soil hydraulic conductivity drop around the roots be-
In our aRoot simulations the modeled root water uptakecomes important when increasing the size of the bulk soil
moves from densely to less densely rooted layers with timegrid cells. We accounted for this by implementing a mi-
This is in agreement with observatidB4rrigues et al2006 croscale radial flow model coupled to the bulk soil water
Lai and Katu) 2000 as well as with results from detailed 3- flow. In their model studySchidder et al.(2009 concluded
D models for root water uptak®pussan et al2006 Javaux that for coarser soil discretization, separating the microscale
et al, 2008. Our results suggest that the dynamic of this (radial) flow from bulk soil water flow as done in aRoot (sim-
shift depends on the individual root architecture as well asilar to their method C) gave the best results compared to fine
on root properties (here the range of radial resistances). Thdiscretized RWU models. The assumption of uniform bulk
Feddes approach does not show this moving uptake behaviovater content and soil disc radii for all soil discs covering
(as the model does not consider such effects) and additionallg certain soil volume is discussedde Jong van Lier et al.
lacks the architecture based scattering in water uptake rate®006. Further work would be necessary to quantify the in-
versus RLD.Javaux et al(2008 already pointed out, the fluence of this assumption.
parameterization of the Feddes model seems to have little Further on, within the current model version of aRoot no
biophysical basis. Our results support this interpretation.  root growth occurs within the 10 days long simulation. Al-
Our simulations show that the occurrence of decreasinghough we have not implemented root growth, our simula-
water uptake is not at a unique critical point in soil water tions can be regarded as a stepwise analysis of water uptake
potential (corresponding to poiritz in Fig. 3). This wasthe related to a certain soil water distribution. Coupling root
case, although we used the same soil environment and sanggowth to soil water availability would change the focus of
plant species (with similar RLD profiles). Rather, this study this chapter from the role of root architecture on RWU to
shows that root architecture influences the critical point ofadaptivity issues. Nevertheless, root growth can be imple-
bulk soil water content where water uptake becomes limiting.mented into aRoot later.
The diverse access of the root systems hydraulic active roots
to the soil water storage explains this model result.
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complex effect on soil water content and the flow of water
through the soil by roots, especially if the interaction be-
Symbol  Units Description tween root growth and the surrounding soil is considered.
In case of roots clustering in a certain soil volume this might

Table 2. List of Variables and Abbreviations.

r m radial distance significantly affect the pore space distribution, further im-
X,¥,2 m cartesian coordinates . . .
I m root segment length pactmg_on the water holding and soil water movement char-
P s time acteristics.
¥ m matric potential
@ m?s~1  matric flux potential AcknowledgementsiNe thank Doris Vetterlein, Andrea Carmi-
6 m3m~3  volumetric water content nati, Mathieu Javaux, Tom Sdbder, Vanessa Dunbabin and
J,T,S m3s1  volumetric flow rates Jan W. Hopmans for early discussion and comments. This work
K ms1 hydraulic conductivity was kindly supported by Helmholtz Impulse and Networking
R sm2 hydraulic resistance Fund through Helmholtz Interdisciplinary Graduate School for
K m?s-1 hydraulic conductance Environmental Research (HIGRADE).
LY, [mm~3] accumulated root length per volume (RLD)
RLD rootlengthdensity Edited by: N. Romano and C. Hinz
RWU rootwateruptake
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