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Abstract. Soil water potential (SWP) is known to affect plant provements were however only noticed for winter wheat, for
water status, and even though observations demonstrate thatich the first approach was already satisfying. This study
SWP distribution around roots may limit plant water avail- confirms that the use of 1-D spatial discretisation to repre-
ability, its horizontal heterogeneity within the root zone is of- sent soil-plant water dynamics is a worthy choice for densely
ten neglected in hydrological models. As motive, using a hor-seeded crops. For wide-row crops, e.g. maize, further theo-
izontal discretisation significantly larger than one centimetreretical developments that better account for horizontal SWP
is often essential for computing time considerations, espeheterogeneity might be needed in order to properly predict
cially for large-scale hydrodynamics models. In this paper,soil-plant hydrodynamics in 1-D.

we simulate soil and root system hydrodynamics at the cen-

timetre scale and evaluate approaches to upscale variables

and parameters related to root water uptake (RWU) for two

crop systems: a densely seeded crop with an average uniford Introduction

distribution of roots in the horizontal direction (winter wheat)

and a wide-row crop with lateral variations in root density Even though soil water potential (SWP) is known to affect
(maize). In a first approach, the upscaled water potential aPlant water status, and more specifically plant actual tran-
soil-root interfaces was assumed to equal the bulk SWP ofPiration rate Tacy, its horizontal variability within the root
the upscaled soil element. Using this assumption, the 3-D¥ONe is neglected in many hydrological models, because of
high-resolution model could be accurately upscaled to a o.promputational efficiency considerations and limitations in
model for maize and a 1-D model for wheat. The accuracy ofthe actual monitoring of SWP with high spatial resolution
the upscaled models generally increased with soil hydraulidBeff etal., 2013).

conductivity, lateral homogeneity of root distribution, and  In first-generation land surface schemes, the soil compart-
low transpiration rate. The link between horizontal upscalingMent was considered as a spatially homogeneous bucket,
and an implicit assumption on soil water redistribution was filled by precipitation and emptied by evapotranspiration
demonstrated in quantitative terms, and explained upscalingManabe, 1969). This approach to plant water availability is
accuracy. In a second approach, the soil-root interface watetonsidered as a “bulk approach”, since the total amount of
potential was estimated by using a constant rate analytical sovater in the soil bucket defines its water potential, indepen-
lution of the axisymmetric soil water flow towards individual dently of how water is distributed in the compartment. Later,
roots. In addition to the theoretical model properties, effec-a vertical discretisation of soil in multiple layers was consid-
tive properties were tested in order to account for unfulfilled €red. Root water uptake rates were proportional to relative
assumptions of the analytical solution: non-uniform lateral 'oot length densities and were affected by the water poten-

root distributions and transient RWU rates. Significant im- ial in each soil layer (Feddes et al., 1976). This approach
allowed explicitly considering vertical capillary water fluxes
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1724 V. Couvreur et al.: Simplifying approaches for horizontal soil water potential heterogeneity

in the soil and root distribution to evaluate plant water avail- geneously distributed roots with similar hydraulic properties
ability. However, the relation between the uptake and localare assumed (Schneider et al., 2010; Durigon et al., 2012).
water availability that is used in these models does either not The objective of this paper is to provide a theoretical
consider the connectivity of the root system or uses rather adramework and an exploratory analysis of methods aiming
hoc approaches to account for compensation of uptake fronat simplifying horizontal soil water flow calculation within
regions with a higher water availability (Javaux et al., 2013).the root zone, for soil-plant water flow models. Therefore,
Recent developments of models explicitly accounting foran approach to upscale the macroscopic RWU model that
three-dimensional (3-D) SWP heterogeneity and water flomwvas derived based on the fully discretised hydraulic root ar-
in the root system’s hydraulic architecture (HA) (Doussan chitecture by Couvreur et al. (2012) will be presented. The
et al., 2006; Javaux et al., 2008) allowed investigating howupscaling approach corresponding to the first conjecture will
plant water availability could be inferred from root system be tested under different conditions regarding atmospheric
hydraulic properties and SWP distribution. demand, soil type and rooting heterogeneity, so as to discuss
Based on the HA approach, a physically based macroits applicability field. The opportunities and obstacles tied to
scopic root water uptake (RWU) model, whose three plant-the second conjecture will be analysed in the last part.
scale parameters can be derived from root segment-scale
hydraulic parameters distributed along root system archi-
tectures of any complexity, was developed by Couvreur et Theory
al. (2012). Since this model provides a 3-D solution of wa-
ter flow from soil-root interfaces to plant collar, it needs to
operate coupled to a 3-D “centimetre-scale” soil water flow

model, which drastically increases the computational ef‘fortnal fluxes like soil capillary fluxes, drainage and hydraulic

for son—p!ant watter flow S|mL!Iat|ons. . . lift, driven by SWP heterogeneity then come into play to dis-
In the literature, one can find two contrasting conjectures_.

that allow reducing the computing time by upscaling small- sipate this heterogeneity and stabilise the system to another

o . . - equilibrium state, unless other external perturbations arise in
scale 3-D water flow models: (i) neglecting horizontal varia- . : .
the meantime. The resulting system state heterogeneity may

tions of SWP at the microscopic scale and using a Ccoarselinder the accuracy of its upscaled representation. Such ac-

horizontal-scale discretisation to account for lateral fluxes : - . .
- . .curacy thus highly relies on system properties influencing the
that may be relevant at a larger scale, or (ii) using analyti-

cal approaches to account for microscopic gradients of SWF;ates Of. PrOCEsSes generating and .d|SS|pat|ng heterogeneity.
; . . In this section, we present soil- and plant-water flow
between the bulk soil and the soil-root interface.

By using a coarse discretisation of the soil domain, the firstequé1t|0ns that generate and dissipate SWP heterogeneity.

approach assumes that SWP is horizontally homogeneous i§ ¢ Equations for three-dimensional explicit water
zones possibly ranging from the centimetre scale to the plant flow simulation
scale. This configuration most probably occurs under low cli-

matic demand for water, in homogeneously rooted soils withsoil water capillary flow is driven by local gradients of SWP

high hydraulic conductivity (Schroeder et al., 2009b). and tends to dissipate SWP heterogeneity. In this study, we
The second approach relies on a radial axisymmetric exassume 3-D soil water flow to be well described by the

pression of the Richards equation around a single root. ApRichards equation:

proximate analytical solutions of water flow can be obtained

by assuming a constant soil hydraulic conductivity or diffu- 96 _ V. [KVye - S @

sivity (Gardner, 1960), or constant-rate water uptake by rootsar S '

(Van Noordwijk and De Willigen, 1987; De Jong Van Lier ) ) _3 )

et al., 2006; Schroeder et al., 2007, 2009a). When considhere ¢ is the volumetric water content L), ris

ering a regular distribution of roots in each soil layer, this iMe (T), K is the unsaturated soil hydraulic conductivity

approach can be used to create a 1-D RWU model, implic—_(l-2 P~1T~%) here considered as isotropigs is the SWP (P)

itly accounting for horizontal soil water flow (Raats, 2007; including matric and gravimetricé con;ponepts of water poten-
De Jong Van Lier et al., 2008; Jarvis, 2011). Yet, the simpli- idl, ands is the sink term EL=T ), which accounts for
fying assumptions of this approach may be constraining. inRWU. Note that the units ok andvs differ from standards

. . . . 1
reality, local uptake is not at constant rate, but highly variable® SOil Physics (in which LT and L are more commonly
on a daily basis, notably due to variations of plant transpira-USed fork andys, respectively) but were chosen for consis-

tion (Jolliet and Bailey, 1992; Sperling et al., 2012). In ad- €NCY with those used in plant physiology.

dition, differences in root hydraulic properties between dif- " fine soil elements, the macroscopic RWU model based
ferent root types and horizontal heterogeneity of root den-On the HA approach proposed by Couvreur et al. (2012) pro-
sity may lead to biased predictions of RWU when homo- vides an expression for sink terms of the Richards equation:

When a soil system at hydrostatic equilibrium is impacted by
external processes, like evaporation, transpiration or aquifer
level rise, the uniform SWP distribution is perturbed. Inter-
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hydraulic resistance from plant collar to leaves to be negli-
gible as compared to the root system’s hydraulic resistance.
Sk-Vk = Tact SSK + Kcomp (Vs — Vs eq) -SSk., (2)  Thisis equivalent to assuming leaf water potential as equal to
Yeollar- By using Eq. 4), one can then estimate the plant tran-
whereS; (T~1) is the sink term in théth soil elementV; spiration rate from leaf water potential under water stress,
(L3) is the volume of théth soil elementZact (L3 T Y isthe  ieaf stress(P):
plant’s actual transpiration rate, SSF) is the standard sink
fraction in thekth soil element (the sum of these individual Twater stress= Kirs. (Ws eq~ Vleaf Stresgv ®)
fractions being one by definitionKcomp (L° P~ T™1) ISthe  \hereTyater stresdL3 T71) is the plant transpiration rate un-
compensatory RWU conductance of the P land; (P) 1S the — yer water stress, anghear stressiS @ constant for isohydric
SWP of thekth soil element, a,nd’-? eq(P) |s_the equivalent plants such as maize (Tardieu and Simonneau, 1998).
SWP sensed by the plant, which is a function of local SWPs The assumption on collar to leaf hydraulic resistance may

and of the standard sink fraction distribution: however be inappropriate for certain types of plants (Domec

M and Pruyn, 2008), in which case the whole plant conductance

Vs eq= Z Vs j.SSF, (3) should be used instead &fs. Also, processes such as cavita-
j=1 tion or aquaporin gating were not accounted for in this study,

but may affect the plant conductance. Future prospects may

where thej index ranges from the first to the last of the concentrate on these aspects.

soil elements (SSfbeing zero for soil elements that do not  Considering thatfact neither exceeds the plant's poten-

contain any root segment). tial transpiration rate Ndfyater stressWe Obtain the following
Equations (2) and (3) rely on the assumption that the watesimplistic water stress function:

potentials at soil-root interfaces located inside a soil element .

equal the element bulk SWR, ;. If sufficiently small soil el- ~ Tact=Min (Tpot, Twater stres}. (6)

ements are used, this assumption may be satisfied (Schroede

3 —1\ ) . . .
et al., 2009a, b). Another simplifying assumption that needsWhereTpOt (LT~ is the plants potential transpiration rate,

to be fulfilled for Eq. @) to be valid is that root radial conduc- which depends on both atmospheric conditions and plant
X leave properties.
tances should be much lower than root axial conductances.

Cauaton § provides  concepual spitof e RWL var 1% 11 19018 10 e velopes i paranecss e
able into a “standard RWU" T+ SSk) and a “compen- P gie plant.

satory RWU" Kcomp (W&k A eu) 'SSF). While the for- They could also be used to obtain the average transpiration

mer creates SWP heterogeneity as long as the plant tra rate of several plants under water stress having the same

spires, the latter is driven by, and tends to dissipate, SW averageyeaf stessaNdv's eqthen apply). However, as soon
. . o as the considered plants have significantly diffeégt such

heterogeneity as long as SWP heterogeneity exists in the . . ) ;

rooting zone averaging method might not provide accurate estimates of

With the HA approach, a link between water potential in average transpiration rate, and plants should be considered

J

the soil, at the plant collar, and actual transpiration rate ismlelduaIIy.
also provided by Couvreur et al. (2012): 2.2 Upscaling of water flow parameters and state
Toct variables
al
Yeollar = ¥s eq— —C, (4)
Kis 2.2.1 Plant water flow

whereK;s (L3 P~ T71) is the equivalent conductance of the Equation @) was set up for 3-D soil-plant water dynamics
root system, andscoliar (P) is the water potential in Xylem modelling on small soil elements (centimetre scale). Under-
vessels at the plant collar, which will be referred to as thestanding the implications of its application to larger elements
“plant collar water potential”. requires the definition of upscaled variables in terms of the
It is worth noting that, through Eq4), plant collar water  original “fine-scale” variables and parametess, Vi, SSk
potential can be interpreted as being the sum of the equivalerynd s ;). Here, we consider that upscaled soil elements are
SWP sensed by the plant and of the water potential loss dugroups of smaller soil elements.
to water flow in the root system. Since soil element volumes and standard sink fractions are
The pathway of water from plant collar xylem vessels to extensive entities (i.e. additive for independent subsystems),

leaves is considered as one of the least resistive from a hytheir value for a group of soil elements is the sum of the soil
draulic perspective, the main resistances being located in sodlements values:

(Draye et al., 2010), between soil and root xylem (Frensch Iy
and Steudle, 1989), and between the inner leaf and atmoy,

= k.o Vi, 7
sphere. For the purpose of simplification, we considered the Upg ; kog- 7k 0
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Element# 1 2 3

— 1000
H E T Vo
SSEJp,g = § gk,g'SSFkv (8) upscaling 00 and
k=1 Group # 1 Group # 2 Group # 3 400 Ysup g

i T o (hPa)
whereVyp ¢ (L3) is the “upscaled” volume of thgth group, ﬁ iﬂ :

SShyp,¢ (-) is the standard sink fraction of theth group,
ek, (-) is one when théth element belongs to thgh group
and zero otherwise, and ttieindex ranges from the first to
the last of theM soil elements. Note that groups are non- whose upscaled soil-root interface water potentialup g is rep-

overlapping, so that the summation of $3f on the whole  oqented by the same colour scale. Green vertical lines, in elements
soil domain is 1, like for SSF _ _ 3-6 and groups 1 and 2, are root segments.
The sink term only becomes an extensive variable when

multiplied by the associated soil element volume (then it be-

comes an additive flux). We can thus write Eventually, by using Egs.3], (8) and (1), it can be
demonstrated that the equivalent SWP sensed by the plant
can be calculated from S§F (vector size:  x 1]) using

Fig. 1. Examples of the relation betwee ; andvsr yp . Cubes
are soil elements whose SWs ., is represented by the colour
scale. Parallelepipeds are groups of three, upscaled, soil elements,

M

Sup.g-Vup.g = Zek,g-Sk-Vk, 9)
k=1

whereSyp, (T~Y) is the sink term in thgth group.

G
Ws eq— Z 1ﬁsr Up;f-SSFUp,f, (12)
Upscaling the left and right hand sides of E2). leads to /=

f

where thef index ranges from the first to the last of the
Sup.g-Vup.g = TactSSFup.g + Kcomp (Vsr upg — s eq groups of soil elements. The equations that are used to de-
.SShyp,¢- (20) termine the plant-sensed soil water content (Egs. 3, 12) and

the local water uptake (Egs. 2, 10) are scale invariant, which
From Egs. 8) and (8)—(10), the upscaled soil-root interface follows directly from the fact that these relations are linear at

water potentialy/sr up ¢ (P), is defined as the small scale. Similarly, the water stress equations (Egs. 5,
y 6) are scale invariant and do not depend on the scale at which
3" ex.-Vsk -SSR SSF andy, are defined. A problem though is that for the
k=1 calculation of the upscaled soil-root interface water poten-
VsrUps = —; ' (11) tials, ¥rsr up, Using Eq. (11) the distribution of the SWPs and
kZlek,g.SS'i SSF at the smaller scale must be known. In the following,

we will make two assumptions to deriye, yp directly from
According to Eq. {1), the upscaled soil-root interface water Simulated upscaled SWPs and upscaled SSF.
potential represents the SSF-weighted mean SWP of the indi- _
vidual soil elements that constitute the upscaled soil element2-2-2  Soil water flow
Itis worth noting that the upscaled soil-root interface water In this study, soil water flow state variables of upscaled ele-
potentialysr up represents the SWP sensed by the plantin a ’

part of the root zone. When it comprises the entire root zonemen.tS were estlmate_d W'th asimple buII_< approach (i.e. the
v is the plant sensed SWR eq(Eq. 3) tistribution of water inside upscaled soil elements was not
sr Up S eq . .

. . . accounted for). Their SWRs up (P), and hydraulic conduc-

So as to illustrate this concept, three simple examples ar¢ . Y ' :

I , ; ivity, Kup (L P~= T—"), were directly deduced from their
shown in Fig. 1. In the first example, only soil element # 3

3| -3 ; :
contains a root segment. Following EQ1), ¥y up1 Should ?eur:it(i(\),\r/wa::eurr\(/:gr:ﬁ(rjwﬁp d(r':au:;c c)o?wr(;lﬂ;: :i?/istpegjx/eely(,t\r,\v:stzr rreo ]
equal the SWP of element # 3. In other words, in group # 1, y y prop

the root segment only senses the SWP of element # 3, whicﬁrtles being uniform in space _and time). .
S . . In consequence, the following upscaled expression of the
is its direct environment. In the second example, each soil. . .
. o ichards equation was used:
element contains a root segment. Considering all non-nul
SSk as equal to each othafsr up2 would be the arithmetic 36up
mean of the three individual SWPs. In the third example, no—,~ = V- [KupV¥ss up] — Sup. (13)
soil element contains a root segment so that$SHs zero _ _
and no water potential sensed by root segments needs to behereSyp is provided by Eq.10).
calculated for this element.
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2.3 Simplifying assumptions for horizontal soil water 2.3.2 Second conjecture: solution for implicit SWP
flow horizontal heterogeneity in soil layers
2.3.1 First conjecture: homogeneous soil water In the second proposed approach, the De Jong Van Lier et
potential in upscaled soil elements al. (2008) model provides a solution for differences between

bulk soil and soil-root interface water potentials within 1-D
In simulations with upscaled soil elements (for instance inspjl elements, which does not require explicitly solving hor-
a 1-D soil domain), detailed SWPs around individual root jzontal soil water flow. The latter is coupled to the upscaled
segments are not available. In the first proposed approachmacroscopic RWU model (Eq. 10), which simulates the con-
upscaled soil-root interface water potentials were approxisequent vertical water flow in root system HA.
mated by the corresponding element bulk SWP: The solution for horizontal soil water flow around roots
Vst Upg = ¥m (GUp,g) + 2. (14) relie_s on the con_cept of m'atric flux p.oFentiaI (MFP), which is

X ) o ) _theintegral of soil hydraulic conductivity curvé (yry), over

where yim (0) (P) is the function providing soil matric  goi| matric potentiakym (P), and, equivalently, the integral

potential from soil water conterfiyp,, (L3 L% is the bulk  of the soil diffusivity curveD () (L2 T-1), over soil water
water content of thgth upscaled soil element, and (P) is content (L3 L—3):

the gravitational potential of water at the centre of ik

upscaled soil element. Note thatis defined zero at the soil ¥m 0
surface and positive upwards. M (Ym, 0) =/K(1ﬂm)-d¢m Z/D(Q)_de’ (16)
This assumption is generally considered as consistent ei-

ther on short distances (as in fine elements of reference sce- Yw fw

narios), or in con_dltl_ons_ of high soil hydraulic cond_uct|V|ty whereM (¥m, 6) (L2 T~ is the soil MFP at soil matric po-
(when lateral redistribution of water occurs almost instanta-tantial ¥m OF SOil water content, Y (P) is the soil matric

neously). _ . o potential at permanent wilting point, aag (L3 L~2) the soil
When water is redistributed by soil capillary flow (or by |\ ~tar content at permanent wilting point.
compensatory RWU), a positive divergence of water flow is g,/ assuming root distribution as horizontally regular and

generated at points where water is removed, while & négg,q r4te of uptake as constant, De Jong Van Lier et al. (2008)

ative divergence occurs where water is added. Considerin%ro\/ide a simple relation between RWU rate in a soil layer
water mass conservation, the volumetric integration of posi—(SUp ), bulk soil layer MFPMs up (L2 T-1), and MFP
,8 /1 g ’

tive water divergences re!atgd to thg process of'redlstrlbutlgr}jlt soil-root interfaces in that soil layéts; up (L2 T,

must equal the v_olumetnc integration of negative water OII'Which implicitly accounts for SWP horizontal heterogeneity:

vergences. Both integrated terms represent a volume of water

moved from a place to another one per time unit, and equal a Sup,¢

rate of water redistribution. Msr upg = Ms upg — pg
By assuming SWP as permanently homogeneous in an

environment where water uptake is actually local, it is im- whereSyy,, is given by Eq. {0), andp, (L~2) is a geomet-

plicitly hypothesised that the divergence of soil water flow rical factor depending on rooting density and root radius at

is high enough to instantly compensate for the removal ofthe gth depth (see Eq. B1). The factprdecreases with de-

water by roots. For a given uptake rate in an upscaled elecreasing rooting density (and thus typically with depth). De-

ment, and knowing the fine distribution of the standard sinkcreasingo or increasing sink terms induce larger differences

fractions inside the element, it can be demonstrated (see ApbetweenMs yp, and predicteds; up q-

pendix A) that the soil water redistribution rate required to By using the MFP curve, which links a soil matric poten-

maintain SWP homogeneous inside the element should bgal to its MFP, one can derivgrs up; from Mg up,:

the following:

(17)

Iy Ysrupg = ¥m (Msr Up,g) +2g, (18)
Z ex SSk Vi
oy 8 ISR Vi where ym (M) (P) is the function providing soil matric
Rsoilhyp.g = |Sup.g | -Vup.g- 5 ; potential from soil MFP.
(15) As compared to Eq.14), Eq. (18) is an alternative way

3 o1y _ o to estimate soil-root interface’s water potential in relatively
where Rsoil-hyp, ¢ (L° T77) is the soil water redistribution large soil elements.

rate required in order to keep the SWP horizontally homoge- Knowing vr up ¢ in every soil layer, the equivalent SWP

neous in thegth group of soil elements. sensed by the plant can be calculated (Eq. 12), which allows

Note that soil water flow divergence at scales lower thang,her calculations of the plant's actual transpiration (Egs. 5,
the fine scale of the reference scenarios is not considered |@) and RWU distribution (Eq. 10).

the latter equation.
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1728 V. Couvreur et al.: Simplifying approaches for horizontal soil water potential heterogeneity

3 Methodology soil domain of 10 cmx 7 cm, which corresponds to the spac-
ing between plants. Periodicity was applied for root system

So as to discuss up to what point the first soil water flow architecture at the vertical boundaries of the domain. Viewed

simplification leads to worthy compromises between accu-from a larger scale than the individual plant scale, this case

racy and computing time, the conjecture of homogeneousvould correspond to a field containing identical root system

SWP in upscaled soil elements was tested in different scenaiarchitectures regularly spaced. In consequence, SWP vari-

ios. These scenarios further described in Sect. 3.1 varied iability is only accounted for at scales lower or equal to the

(i) rooting heterogeneity, (ii) soil type, and (iii) atmospheric plant scale.

demand for water. Section 3.2 explains in detail the methods

used to evaluate both conjectures implemented as options i8.1.2  Soil hydraulic properties

R-SWMS (Root-Soil Water Movement and Solute transport;

Javaux et al., 2008). Two soil types with typically contrasting hydraulic properties
were chosen for this study. The first one is a silt loam, whose
3.1 Scenarios description water capacity and hydraulic conductivity are relatively high
for a wide range of soil matric potentials (properties repre-
3.1.1 Root systems architecture and hydraulic sented in blue, respectively in Fig. 3a and b).
properties The second soil type is a sandy loam, whose hydraulic

conductivity is quite high close to water saturation, but soon
Two crops with typically contrasting root distributions in the becomes resistive to water flow when SWP decreases (prop-
field were chosen for this study. erties represented in red, respectively in Fig. 3a and b).

The first one is maize, whose horizontal rooting density Note that Mualem—van Genuchten equations (Van
varies more in the perpendicular direction than in the parallelGenuchten, 1980) were used to define the soil hydraulic
direction to the row, due to its “wide row” sowing pattern property curves, and that Carsel and Parrish (1988) param-
(here corresponding to 75 crml5cm). The generation and eterisations were chosen for both soil types.
parameterisation of the 80 days-old virtual maize root system In the scenarios, SWP was initially uniform (hydrostatic
used in this study is fully described by Couvreur et al. (2012).equilibrium) and set to field capacity-B00 hPa) for the silt

The second crop is winter wheat, whose horizontal rootingloam. Sandy loam initial water potential was settb30 hPa,
density is more homogeneous than that of maize, due to ao that water availability would not be limiting the uptake
dense seeding pattern. A density of 140 plant? with a during the first days of the scenarios.
distance between plants of 10 cm in thdirection and 7 cm The soil domain was 123 cm deep, which means that for an
in the y direction was considered. initially uniform SWP, and neglecting the effect of osmotic

A winter wheat root system at early spring of 17 000 seg-potential, there was a difference of approximately 123 hPa
ments was generated with RootTyp (Pages et al., 2004). Thibetween top and bottom matric potentials. This implied that
model generates root systems based on plant-specific genetsoil water content and hydraulic conductivity were chang-
properties like insertion angles of the different root types,ing along the soil profile, already at initial conditions, as
their trajectories, average growth speed and distances beaHustrated by the coloured bands in Fig. 3.
tween lateral roots, which were characterised for a winter
wheat during early spring, in Nebraska (USA), by Weaver3.1.3 Boundary conditions
etal. (1924). They were also used to adapt RootTyp environ-
mental parameters so as to reproduce measured root-length order to focus on RWU and soil capillary flow as pro-
density profiles. The optimised wheat root system architec-cesses generating or reducing SWP heterogeneity, no other
ture is shown in Fig. 2a. processes were considered in the scenarios. Therefore, no-

Wheat root’s hydraulic properties were dependent on roofflux boundary conditions were set at the top and bottom
segment age and type (shown in Fig. 2b and c) and werdoundaries of the soil domain, while plant transpiration was
obtained from the literature. Root segments radial con-the only process removing water from the system. In addi-
ductivities were measured by Tazawa et al. (1997) andion to being periodic for the root system architecture, ver-
Bramley et al. (2007, 2009). Root segment’s axial con-tical boundaries of the domain were periodic for soil- and
ductance were measured by Sanderson et al. (1988) anaot-water flow.

Bramley et al. (2007) for primary roots, while Watt et  High- and low-transpiration-rate cases were selected in
al. (2008) estimated this property for lateral roots by usingorder to investigate whether these rates impact the validity
the Poiseuille-Hagen law. of simplifying assumptions about lateral SWP distributions

So as to represent winter wheat root distribution in the fieldin the root zone. Atmospheric demand for water reflected
and accounting for the effect of overlapping root zones fromthe geographical position and period of the year for which
neighbouring plants, while limiting the computational needs,the root system architectures were determined. The FAO ap-
the virtual root system was located in a horizontally periodic proach (Allen et al., 1998) was used to determine the daily
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3.2 Testing the simplifying approaches
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The simplifying approaches described in Sect. 2.3 were
tested by comparing their results with simulated reference
results. In the reference simulations, Richards equation was
% do 00 oo -1o000 Jo o0 oo 0000 solved for a fine 3-D soil grid, and the model of Doussan et
Soll matic potental (0P Sotl mae potental (0F%) al. (1998) was used to predict RWU by the root system HA
Fig. 3. Silt loam (blue) and sandy loam (red) hydraulic properties: I R-SWMS. Due to computing power considerations, the
(a) water retention curves an@) hydraulic conductivity curves. reference maize crop scenarios could not be run with soil el-
The coloured bands show the rangegafwater content andb) ements smaller than cubes of 1.5 cm length. Since the winter
hydraulic conductivities initially met in the soil profile. wheat domain dimensions were smaller, its reference scenar-
ios could be run with cubic soil elements of 0.5cm length.
Consequently, reference scenarios do not account for addi-
tional SWP gradients around roots at scales smaller than, re-
spectively, 1.5 and 0.5cm. Accounting for this feature may
Tdaily = ETrer. K¢.Surf, (29) increase differences between reference results and results ob-
tained from upscaled soil grids (Schroeder et al., 2009b).

o
)

Volumetric Water Content (-)
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o

potential transpiration rate of single planfgaiy (L3 T~1),
from selected reference evapotranspiration rates:

where ETet (LT™1) is the reference evapotranspiratidéy,

(-) is the crop coefficient, and Surf{Lis the horizontal sur-

face occupied by a single plant in a field. Note that the part of3.2.1 ~ Simplifying approaches features

evaporation in Es was considered as negligible. Account-

ing for it would have led to slightly lower transpiration rates. In order to test the first conjecture (homogeneous SWP in
For the French maize crop in Julie was 1.2, Surf was upscaled soil elements), each of the eight scenarios defined

1125 cn?, and the high Es was 4.5 mmd?® while the low  in Sect. 3.1 (combinations of the following properties: maize

ETrefwas 2.25 mmd?. For the Nebraskan winter wheat crop or winter wheat; silt loam or sandy loam; high or |daily)

at early springK. was 1, Surf was 70 cfpand the high EfEs were run with soil elements of increasing horizontal surface,

was 3.9 mmd?! while the low ETef was 1.95 mmd?. as summarised in Table 1 and illustrated in Fig. 4.
Sinusoidal daily variations ofjot were expressed as a  For maize, the assumption on SWP homogeneity was
function of Tqajly with the following expression: firstly applied to the direction parallel to the row. Subse-
ot quenf[ly, the discretisation was coarsen_ed in the _directiqn per-
Tpot = Tqaily- (sin(T — 5) 1), (20) pendicular to the rows. Therefore, all intermediate soil dis-

cretisations, between the finest one and 1-D, are 2-D (see
wherer (T) is the time after midnight, and(T) is the number  Table 1). This is not the case for winter wheat, for which no
of time units in a day—night cycle (e.g.is 24 h if¢ is given  preferential direction was considered to group soil elements.
in hours, and 1 day if is given in days). In opposition, the second conjecture (soil-root inter-
Yleaf stress Which triggers stomata partial closure due face water potential predicted from the approximate an-
to water stress (see Egs. 5 and 6), was5000hPa for alytical solution of water flow towards a root) was di-
both crops. rectly tested for 1-D soil layers (75 crml5cmx 1.5cm and
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Table 1.Sizes of upscaled soil elements and domain properties for both maize and winter wheat crops in the runs testing the first conjecture.

Plant type Element properties Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Maize Horizontal area (cﬁ) 2.25 22.5 45 112.5 225 1125
x andy lengths (cm) 15x15 15x15 4x15 75x15 15x15 75x15
Elements per layer (-) 500 50 25 10 5 1
Domain dimensionality 3-D 2-D 2-D 2-D 2-D 1-D
Winter wheat  Horizontal area (¢n  0.25 1 7 70
x andy lengths (cm) 05x05 1x1 2x35 10x7
Elements per layer (-) 280 70 10 1
Domain dimensionality 3-D 3-D 3-D 1-D

W and ¥ Up (hPa)

-10000

-3000

-1000

-300

0 ris e 0 75 o &
X (em) 20 el = X (em) 378 X (cm) 278 x(emy oS

Fig. 4. Discretisations of the maize crop soil domain used for the first simplifying approach. The colour scale gives the soil water potential
distribution at the end of the high-transpiration-rate scenario on silt loam.

10cmx 7cmx 0.5cm, respectively for maize and winter izontal heterogeneity of root distribution, and (ii) transient

wheat). rate of water uptake. For reasons discussed in Sect. 4.4.2,
a proper coupling with the Richards equation could not be
3.2.2 Comparison with reference scenarios achieved with this conjecture. However, using bulk SWP data

from the reference simulation and keeping past uptake rates

In order to evaluate the accuracy of the first simplified ap-in memory, we could evaluate the accuracy of the second
proach, differences between the reference and different upconjecture at each individual time step.
scaling scenarios were estimated fagar and horizontally Effective values of the geometrical parametewere first
averaged sink term and water content profiles. The mean ofstimated from reference simulations and compared to theo-
the absolute differences for all times and depths was dividedetical values (calculated from each layer's root length den-
by the mean value for the reference case, which providedity and assuming a regular distribution of roots), in order to
one relative mean absolute difference for each scenario. Thenderstand how this parameter may be affected by horizontal
relative computation time of the simplified to reference sim- rooting heterogeneity. Thets; upwas predicted from either
ulations was also determined. the current sink term, or a weighted mean of sink terms on

Eventually, horizontal and vertical redistribution of water time windows of chosen length (weights linearly decreasing
by both soil and roots from 1-D and reference results wereto zero with passed time), in order to understand if the his-
compared, in order to understand which process dissipatingPry of past sink terms should be accounted for when RWU
SWP heterogeneity would be responsible of possibly wrongs transient.
representations of 1-D soil-plant water dynamics. For simu- Considering that the simplifying approaches presented in
lations directly run in 1-D, the total horizontal redistribution this paper introduce structural errors in the model, differ-
of water by soil was estimated as the integration of the redis€nces as compared to reference scenarios were considered
tribution necessary to keep each layer’s inner water potenas “errors”. However, also the reference model is subject to
tial homogeneous (i.e. vertical integration of Eq. 15). Otherstructural errors (supposed relatively small). These basic er-
equations quantifying vertical and horizontal water redistri- rors were not accounted for in the next pages.
bution by soil and roots from reference and 1-D simulation
results are detailed in Appendix C.

With the second conjecture, simple effective methods that
allow overcoming basic assumptions of the De Jong Van Lier
et al. (2006) model were discussed. These concern (i) hor-
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Table 2. Relative absolute differences afgjar, 1-D sink terms, 1-D water contents and computing times in the maize scenarios, for
increasing soil element sizes. Refer to Table 1 for the detailed geometry of cases 1-6.

Case #

Maize scenario 1 2 3 4 5 6

Low Tyajly — silt loam 0.5 0.3 0.9 51 106 148
Relative difference  HiglTyajly — silt loam 0.9 15 45 155 26.8 30.3
on Yeollar (%) Low Tgajly — sandy loam 1.9 29 88 259 306 327

High Tgaijly — sandy loam 3.7 4.6 8.1 132 150 187

Low Tyajly — silt loam 1.0 1.2 1.2 53 121 171
Relative difference  HiglTyajly — silt loam 1.9 3.2 42 111 19.7 242
1-D sink (%) LowTgajly — sandy loam 3.4 5.0 6.8 213 354 385

High Tgaijly — sandy loam 6.3 80 109 243 449 474

Low Tyajly — silt loam 0.6 0.6 0.5 2.6 54 10.0
Relative difference  HiglTyajly — silt loam 1.3 1.9 21 5.1 95 17.0

1-D water cont. (%)  Lowlgajly — sandy loam 20 28 34 86 136 224
High Tgaijly — sandy loam 24 44 5.1 93 142 228

Low Tyajly — silt loam 3.0 15 1.2 1.1 081 0.37
Relative comput. Highgaily — silt loam 19 0.21 0.13 0.10 0.10 0.09
time (%) Low Tyajly — sandy loam 39 046 036 033 029 0.26

High Tqajly — sandy loam  0.98 0.04 0.03 0.02 0.02 0.02

4 Results and discussion 4.1.1 Impact of element size and crop type

4.1 First conjecture: homogeneous soil water ) S o )
potential in upscaled soil elements For maize, the simplification from 3-D to 2-D soil discretisa-

tion results in a relatively small increase of model errors (see
Tables 2 and 3 show the relative errors of predicted state variFig. 5a) since SWP is quite homogeneous in the direction
ables and relative computing time for each scenario, with in-of maize rows (see left subplot in Fig. 4). Conversely, fur-
creasing element size inside which SWP is assumed homdher increases of element size in the direction perpendicular
geneous. Errors that occur at the finest spatial discretisatiofp maize rows (in which a big part of SWP variability is ob-
(i.e. horizontal surfaces of respectively 2.25 and 0.25fun ~ served in reference scenarios) result in significant increase
maize and winter wheat) are due to the replacement of th@f model errors, particularly beyond case #3 (elements of
Doussan RWU model by EqR)to calculate the sink terms.  3cm in the direction perpendicular to the row). This result

It is notable that 1-D sink terms anihoar Were generally ~ encourages the use of 2-D soil discretisation for simulating
more sensitive to errors than 1-D water contents, even thoughvater dynamics in a maize crop, whereas considering a 1-D
water content differences are a consequence of sink term difapproach with homogeneous SWP in horizontal soil layers
ferences. This can be explained by the fact that SWP heterdeads to strong errors in predicted state variables (approach-
geneity is the driver of soil water flow. Thus, for instance, lo- ing 50 % of relative error on 1-D sink terms agigo|iar OVer
cally overestimating RWU leads to higher SWP heterogene-a period of 10 days on sandy loam).
ity, which leads to higher “compensation” by soil water flow. ~ For winter wheat, while changing the element dimension
Consequently, errors of RWU tend to be larger than errors ofrom 3-D to 1-D (see Fig. 5b), model errors stayed remark-
soil water content, especially in cases of high soil hydraulicably low (below 1 % for scenarios on silt loam over a period
conductivity. of 14 days). This feature can be related to the dense sowing
In the next sections, we study the impact of element sizepattern of the winter wheat crop (140 plantsfagainst 9

daily transpiration rate and soil type on the reported relativefor maize), which naturally induces rather homogeneous hor-
absolute differences, and further analyse where these differizontal rooting, uptake and SWP patterns.
ences take place in space and time. lllustrations are mostly One of the main interests of simplifying approaches is
given for the scenario “highgaily on silt loam”, but com- model computing time reduction. As shown in Table 2 (and
plementary explanations are given for other scenarios in cas#lustrated in Fig. 5¢c and d), for maize, if computing time was
their trends differ from the illustrations. already reduced by a factor of 25-100 due to the replacement

of the Doussan model by EqR)( another factor of 3—30 was

gained by using a 2-D soil discretisation. For winter wheat,
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Table 3. Relative absolute differences grgjar, 1-D sink terms, 1-D water contents and computing times in the winter wheat scenarios, for
increasing soil element sizes. Refer to Table 1 for the detailed geometry of cases 1-4.

Case #

Winter wheat scenario 1 2 3 4

Low Tyajly — silt loam 0.0 0.0 0.1 0.1
Relative difference  HiglTyajly — silt loam 0.1 0.2 0.5 0.6
on Hegjlar (%) Low Tgaijly — sandy loam 0.3 1.8 25 25

High Tgajly — sandy loam 4.0 4.8 5.2 5.6

Low Tyajly — silt loam 0.2 0.2 0.2 0.2
Relative difference  HiglTyajly — silt loam 0.4 0.5 0.7 0.8
1-D sink (%) LowTgaily — sandy loam 0.9 29 4.6 4.9

High Tgajly — sandy loam 59 109 141 158

Low Tyajly — silt loam 0.1 0.1 0.1 0.1
Relative difference  HighTyajly — silt loam 0.1 0.2 0.3 0.3

1-D water cont. (%)  Lowlgajly —sandy loam  0.19 11 20 24
High Tgajly — sandy loam 2.8 3.6 49 5.9

Low Tyajly — silt loam 6.9 4.8 1.9 15
Relative comput. HighT 47y — silt loam 9.0 3.3 15 0.98
time (%) Low Tyajly — sandy loam 17 3.6 1.3 0.79

High Tqajly — sandy loam 11 11 0.27 0.10

using Eq. 2) only reduced computing time by a factor of under the first conjecture. Note that as defined in the theory,
6—14 because its root system has half of the segments thaRWU is conceptually the superimposing of two processes:
maize (using Doussan model is computationally cheaper fostandard RWU, which creates SWP heterogeneity, and com-
small root systems, while computing time of Eq. (2) does notpensatory RWU, which dissipates (and is driven by) SWP
discriminate between big and small root systems). Compuheterogeneity but is independent of the plant’s instantaneous
tation time was reduced by another factor of 5-100 as comiranspiration rate.
pared to the high resolution 3-D winter wheat scenarios, by Secondly, soil water flow is a process dissipating SWP het-
using 1-D soil elements. erogeneity; a high soil hydraulic conductivity thus favours

Such results suggest that using the first conjecture inSWP heterogeneity dissipation and leads to better predic-
respectively, 2-D (maize) and 1-D (winter wheat) soil el- tions by approximations that use the first conjecture. Note
ements as simplifying hypothesis for SWP distribution, is that, even though silt loam hydraulic conductivity is mostly
a worthy compromise maintaining accuracy while reducinglower than that of sandy loam at the beginning of the simu-
computation time. lations (see conductivity ranges in Fig. 3b), it stays relatively
high at low soil matric potentials, which explains the higher
accuracy of the silt loam than the sandy loam scenarios.

It is also worth noting that, in general, structural and pa-

£ thouah ¢ d soil el ts size had maior i rameterisation errors in a RWU model may have a lim-
ven thougnh crop type and soll €lements size had major Imyq 4 impact on SWP distributions when soil water flow is

pact on the simplifying approach accuracy, two otherfeaturesa dominating process, as previously discussed by Hupet et
also clearly impacted this accuradajiy and soil type. al. (2002) '

Almost systematically, the simplified model accuracy
was higher when decreasirifyaiy, and in the silt loam _ o
than in the sandy loam. Since accuracy under the first*-1.3 Spatio-temporal distribution of processes:
conjecture is highly related to the absence of SWP hor- comparison with 1-D results
izontal heterogeneity, the previous statement can be ex-
plained through processes involving creation and dissipatiorThis section clarifies the underlying assumption on soil water
of SWP heterogeneity. horizontal redistribution when using 1-D soil discretisation,
Firstly, standard RWU is a process creating SWP heteroand provides further insight on how it may impact model er-
geneity in a soil with an initial hydrostatic equilibrium state; rors in space and time.
increasingTyaily (and obviously standard RWU) will thus As shown in Fig. 6 for scenario “higfyaily on silt loam”,
lead to increased SWP heterogeneity and decreased accurattye intensity of each process redistributing water can be rated

4.1.2 Impact of daily transpiration and soil type
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on logarithmic scale. Scenario: hidRaily on silt loam.

in terms of its total positive volumetric divergence of water needs to flow on much shorter horizontal distances to com-
flow (total negative volumetric divergence being equivalentpensate wheat SWP heterogeneities, and thus is much more
to the positive one, by definition, since these processes onlgffective in dissipating these heterogeneities (which almost
redistribute water in the system). Blue lines correspond todisappear at night). For both maize and wheat, the vertical
processes as they occurred in the reference scenarios whimmponent of divergence of soil water flow is slightly un-
the red ones are for 1-D scenarios. Solid and dotted lines corderestimated in 1-D, which suggests that this process is af-
respond, respectively, to horizontal and vertical spatial com{fected by the hypothesis of horizontally homogeneous SWP,
ponents of the processes. Figure 6a and ¢ shows water rediand may actually participate in dissipating SWP horizontal
tribution rates by soil, evolving with time, while Fig. 6b and d heterogeneities in reference scenarios.
shows water redistribution rates by roots. Eventually, Fig. 6a For maize, both components of compensatory RWU are
and b corresponds to maize, while Fig. 6¢ and d correspondiargely underestimated in 1-D (especially the horizontal one,
to winter wheat. which is null in 1-D, since SWP is considered as hori-
In Fig. 6a (maize), one can see that the assumed horizoreontally uniform), which is not the case for wheat, whose
tal redistribution rate of water by soil in 1-D is overestimated dominant vertical component of compensatory RWU is well
during daytime; reference horizontal soil water flow is, thus, represented in 1-D (see Fig. 6d).
far from sustaining the necessary flow rate to keep SWP ho- During the second week of simulation, compensatory
mogeneous. Also, during nighttime, even though decreasedRWU rates reach increasingly high values (approximately 10
reference horizontal soil water flow continues, due to the perand 250 criday ! redistributed in the profile, respectively
sistence of SWP horizontal heterogeneities, while in 1-D, thefor wheat and maize). For maize, compensatory RWU rates
assumed horizontal water flow stops as soon as the plardre similar or even higher than water redistribution rates by
stops transpiring (except once compensatory RWU signifi-soil. Such integrated values of redistribution of water uptake
cantly compensates vertical SWP heterogeneities at nightare also non-negligible as compared to each plant's daily
Conversely, in Fig. 6¢ (wheat), similar peaks of divergencetranspiration rate (respectively 27 and 60Gamn?). This
of horizontal soil water flow can be noticed in both reference confirms that the process of compensatory RWU might have
and 1-D scenarios. This can be attributed to the fact that watea major impact on plant water availability (Feddes et al.,
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Fig. 6. Rating of processes dissipating soil water potential heterogene(sy, leysoil and(b, d) roots, in scenario *highyaily on silt loam”,
for (a, b) maize andc, d) wheat.

2001; Teuling et al., 2006). However, compensatory RWURWU by maize, where local SWP sensed by the plant de-
takes some time to become significant, as compared to horreases slower than in reference scenarios (Fig. 7a vs. 7d).
izontal and vertical water redistribution by soil. This can This overestimation of local SWP sensed by the plant has two
be explained by the fact that, while SWP heterogeneity in-main consequences: (i) an underestimation of compensatory
creases with time, root system hydraulic conductances d&RWU (Fig. 7b vs. 7e, and dotted lines in Fig. 7f), and (ii) an
not change; redistribution of water by the root system thusoverestimation of total SWP sensed by the plant (Fig. 7c) in-
increases. At the same time, soil hydraulic conductivitiesducing underestimation of plant water stress (Fig. 7f).
tend to decrease (due to soil water content reduction); re- It is notable that, for the sani, errors omycopar €qual
distribution of water by soil capillary flow thus becomes errors onys egsince the difference between these variables is
of lesser importance as compared to compensatory RWUZae which has no spatial dimension, and thus, is not affected
That sort of reflection was previously raised by Gardner ando)r/sa spatial dimension reduction. Also, values of compen-
Ehlig (1963), who stated that, with soil drying, “while pro- satory RWU in Fig. 7b and e are given as fluxes per plant in
cesses such as capillary rise see their rate reduced, due &il layers of 1.5 cm height. As a matter of comparison, the
a decreased soil hydraulic diffusivity, an increasing propor-spatial integration of positive terms is given in Fig. 7f, while
tion of water moves upward through roots, which somehowthe integration of all terms would be zero by definition.
short-circuits the path of water movement through soil.” Figure 8 is the equivalent of Fig. 7 for winter wheat on
As illustrated in Fig. 6 (left subplots), vertical soil water sandy loam instead of maize on silt loam. The 1-D system
redistribution was generally the least important process, instate appears to be very close to the reference one for all
terms of rates; which can be explained by the fact that, onvariables. Even thouglycolar and ¥s eq are slightly over-
long vertical distances, equivalent soil hydraulic resistancesstimated at night and underestimated during daytifag,
are high enough to limit redistribution (water has to flow follows the same trend in both simulations. Conversely to re-
through a larger number of hydraulic resistances in series)sults shown in Fig. 7, compensatory RWU is slightly overes-
and thus prevent SWP heterogeneities from being dissipatedimated in 1-D (see Fig. 8f), possibly due to water depletion
In case horizontal soil water flow would actually not be around deep roots of wheat in the reference scenario, which
fast enough to equilibrate a layer's SWP, the assumed walimited the compensation rate. Proportionally to the total up-

ter potential at soil-root interfaces would be overestimatediake rate, the compensation rate was always more intense on
in 1-D. This is exactly the observed response in scenarios of
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sandy loam than on silt loam, seemingly because water is ndiure’s assumptions: (i) water potentials at soil-root interfaces
as efficiently redistributed by the sandy soil. are not horizontally homogeneous (see for instance left sub-
A conclusion of the detailed comparison between 1-D andplot of Fig. 4), and (ii) the horizontal rooting pattern is not
reference maize scenarios is that, when horizontal redistribueiniform. As demonstrated in EqlY), in each soil layer, a
tion of water by soil is a limiting process, there is a clear needunique value ofi/s; up, may lead to the right average sink
to account for differences between bulk SWP and water poterm for the layer. The microscopic approach might help
tential sensed by roots in soil layers, in order to avoid biasedinding this layer’s “equivalent soil-root interface water po-
predictions of compensatory RWU and plant water stress, irtential”, which makes it unnecessary to search for the full
dimensionally simplified soil-plant systems. A physical ap- range of soil-root interface water potentials in each soil layer.
proach presented in Sect. 2.3 was developed by De Jong Vafhe second contradiction is more of an issue since no defi-
Lier et al. (2006) for that purpose, of which opportunities and nition of the geometrical factop (see Eq. B1 for its theo-
limitations are discussed in the next section. retical formulation) accounts for horizontal rooting pattern
heterogeneity. However, knowing values $fp, ;, Msr upg
4.2 Second conjecture: solution for water potential dif-  andMs yp,, (from the reference scenarios), an effective value
ferences between bulk soil and root surface in 1-D  of p, was calculated at each depth for each time step of the
soil layers scenarios, by using Eq17). As shown in Fig. 9a for sce-
) S _ nario “maize highTyajly on silt loam”, the effective values
In this SeCtIOI"I, limitations of the second Conjecture and teste(brouped by depth are Signiﬁcant'y |ower than theoretica' Val_
adaptations aiming at better accounting for unfulfilled as-eg ofp (blue dotted line), which means that the system be-

sumptions are discussed. haves as if there were much fewer roots, or maybe, one “big
) ) root”. This necessity to use smaller valuespofvas already
4.2.1 Horizontally heterogeneous rooting pattern noticed in comparisons with experimental data, by Faria et

Lik ic RWU del . . . al. (2010), who interpreted that feature as a consequence
ke macroscopic MOGEIS USINg & "MICTOSCOpIC ap- rooting heterogeneity, poor contact at soil-root interfaces

proach” (Raats, 2007; De Jong Van Lier et al., 2008, Jarws,and inactivity of a significant percentage of roots (approxi-

2.011)’ the second conject.ure allows prgdlctlng_ Swp Va”a'mately 95 %), which thus should not be taken into account
tions between the bulk soili up) and soil-root interfaces

b : horizontally h © di when calculatingo. Through this modelling study, we in-
(‘?sr up) by assuming a horizontally homogeneous roo 'S"Vestigated and confirmed the expected impact of horizontal
tribution, which implies that the water dynamics around roots

. . . : ) X X rooting heterogeneity op.

is the same (their properties being considered as identical). Notg that s%nce ?/00? geometry does not change dur-
Yet, for maize crops, due 0 Fhe W|_de-row Sowing Ioatt(?m’ing scenarios, effective values at a certain depth should

two features are in contradiction with the second conjec-
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Fig. 8. Spatio-temporal distribution @&, d) SWP locally sensed by roots aflgl €) compensatory RWU rates (spatial integration of positive
terms), respectively in reference and 1-D scenarios. Temporal evolut{ghmént collar water potential and SWP sensed by the plant, and
(f) actual transpiration and compensation rates (scenario: winter wheafjghon sandy loam).

theoretically remain constant with time. As shown in Fig. 9a, mean of past sink terms in EdLY) rather than the sink term
they actually cover a certain range of effective values, whichat a given moment might be better to predict the difference
are also strongly sensitive to soil type (not shown). Onebetween soil-root interfacgs; up and bulk soilys yp.
should thus be careful when using the theoretical parameter- In this section, we tested if reference valuesM; up ¢
isation of p for root systems with heterogeneous horizontal (from which ysr yp, can directly be deduced) could be pre-
distribution. dicted from Eq. {7), either by using the theoretical values
Figure 9c shows the same comparison for wheat, whosef p, and instantaneou$yp , (“default method”), or by us-
theoreticalp values are much closer to the effective ones.ing the mean values of effectiyg, (red vertical lines in the
This confirms that the theoretical parameterisation is morebox plots in Fig. 9a and c) and instantaneSyg , (“average
reliable for wheat, whose horizontal root distribution is in- p” method), or eventually by using time-averaged values of
deed rather uniform. Sup, ¢, in addition of the mean effective, (“averagep & §”
Note that negative effective values pfare not displayed method).
in Fig. 9a and c. These however occur in reference simula- Figure 9b shows the results obtained for maize at all time-
tions when roots exude water whife yp is still lower than steps of the “highTyajly on silt loam” scenario. The “1:1
the corresponding layer’s bulk SWP. This transient situationline” illustrates the position of the referendés; up ,, while
cannot be predicted by the default model of water deple-black circles correspond to the layer’s bulk MFP (and to the
tion around roots, since the geometrical fagtois defined Mg, up, predicted under the first conjecture). Mostly, even

positive (see Eq. B1). though more accurate than the first conjecture, using the “de-
fault method” (red crosses) still resulted in an overestima-
4.2.2 Transient rate of root water uptake tion of Mgr upe, Mainly due to the theoretical overestima-

tion of p. Effective methods “average’ and “averageo &

Another assumption of macroscopic RWU models using & ’ aIIowgd increasing th_e accuracy of the predictiqns aroynd
“microscopic approach” to predict SWP depletion at soil— the 1:1 line, however significant differences persist, mainly

root interfaces is that rates of water uptake are constant with" dry Cﬂndh't'_ons (vglhere small _Ie_:rr1r0r5 dg_srt_Up,g r?oreO\{[(_ar
time. Water uptake rates at a soil-root interface change oveiljalve a f;gI impac ?wsr Upél) ) te' predic :ﬁn fo niga ve
time due to temporal changes in plant transpiration but alsg/@ues OfMsr up, 1S alSO problémalic since the function pro-

due to compensation mechanisms in the connected root Syg/_idi.ng_MFP values from soil matric potentials is positive by
tem. Since the soil system has a memory due to its buffepef'n't'on' ansequently, Nt upg Value can be.deduced
capacity, the water potential profile around a root at a certainfrom a negativeMs; uyp,. Even though both effective meth-

time does not depend only on the extraction rate at that timeOds were sensitive to the chosen averaging function, none of

but also on previous extraction rates. Thus, using aweightedt-he tested functions allowed reaching satisfying results for
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and effective methods, compared with reference values, for niajznd wheatd).

maize (averaging functions used for results shown in Fig. 9bconjecture was already satisfying (winter wheat crop on silt
and d: mean function fop, and 36 h average for the sink loam). There is however a clear need for accurate functions
term). For wheat (Fig. 9d), results were already satisfyingpredicting soil-root interface water potential, in order to cor-
under the first conjecture, but could be improved by usingrectly predict compensatory RWU and plant water stress. In
the second conjecture, as shown by Fig. 9d. the future, that problem might be solved through the de-
When the RWU model using the second conjecture wasvelopment of specific analytical solutions for each type of
further coupled to the Richards equation, the frequent predicsystem properties.
tion of negative values a#fs yp (happens whets yp, <

%, typically when the soil becomes dry) and oscillating
‘/fsi upg caused non-convergence issues (mainly for simula5 Conclusions and outlook
tions on sandy loam). These could not be solved in this study.
The objective of this paper was to provide a theoretical
4.2.3 Closing remarks on the second conjecture framework and exploratory analysis regarding the use of
“upscaled” RWU models, partly or fully neglecting SWP
Ideally, exact physical expressions would allow accountinghorizontal heterogeneity within the root zone. We demon-
for transient RWU rates and heterogeneous rooting distribustrated how to derive upscaled RWU parameters and state
tion, with a resulting model shape that would possibly havevariables (among which the upscaled soil-root interface wa-
to be adapted as compared to EdS) @nd (B1). However, ter potential) from small scale information. Two simplified
such opportunity does not exist today, and a simple alternaapproaches aiming at estimating such upscaled water poten-
tive is to use effective parameters and variables such as ddial (when small-scale information is not available) were then
scribed in previous paragraphs and suggested by Faria et aksted in soil-plant hydrodynamics scenarios, for two crops
(2010), even though they entail a loss of physical meaning ofwith rather heterogeneous (maize) or homogeneous (winter
the model. wheat) horizontal rooting distributions.

The proposed effective methods, accounting for unfulfilled ~ With the first approach, SWP was considered as homoge-
assumptions of the De Jong Van Lier et al. (2006) model,neous in upscaled soil elements. For maize, neglecting SWP
did not allow significantly improving predictions of differ- heterogeneities in the direction of the row was shown to be a
ences between bulk SWP and SWP sensed by roots for 1-3ood compromise between accuracy (relative errors mostly
spatial discretisation, except in conditions in which the firstbelow 5%) and computing time (reduced by 67-96 %).
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However, in 1-D, the assumed horizontal water redistribution This study confirmed that the use of 1-D spatial discreti-
rate by soil was far above reference 3-D values during daysation to represent soil-plant water dynamics is a worthy
time and far below them at night. Consequently, the intensitychoice for densely seeded crops. It also highlighted that, for
of compensatory RWU was underestimated while plant col-wide-row crops, further theoretical developments, better ac-
lar water potential was overestimated. For winter wheat, thecounting for actual system properties, might be needed to
rather uniform rooting distribution tended to generate short-properly predict plant collar water potential and compen-
distance SWP heterogeneities, and favoured a fast horizontalatory RWU, as compared to fine-scale simulations.
redistribution of water by soil. Therefore, 1-D processes of Future prospects in line with this study could also fo-
water redistribution were in agreement with reference val-cus on the analysis of implications of using even coarser
ues (relative errors mostly below 5 %), and computation timegrids when modelling soil-plant hydrodynamics at the plot
could be reduced by 80-99 %. More generally, the accuracyr larger scales.
of the first approach was improved when processes creat-
ing SWP heterogeneity were reduced (e.g. low plant tran-
spiration rate) and processes dissipating SWP heterogené\cknowledgementsDuring the preparation qf this manuscript,
ity were dominant (e.g. high soil hydraulic conductivity). A V. _Cou_v_reur was supported by_ the Fonds National de la Recherche
conclusion of the first conjecture is that a 1-D soll geometrysc'e_nt'f'que (_FNRS) of I_3e|g|um as a research fellow, by th.e
is enough to represent soil—plant water dynamics for winteroc 9/an American Educational Foundation (BAEF), as UCLouvain
fellow, and by the Wallonie-Bruxelles International (WBI) with a

wheat, but pot for malz_e. Representing thg latter case in 1'QNBI.WORLD excellence grant. The authors thank these funding
would require accounting for water depletion around roots,agencies for their financial support as well as Quirijn de Jong van

WhiC_h is the aim of the s_econd conjec_ture. Lier and an anonymous referee for their constructive comments.
With the second conjecture, the difference between bulkThis work is a contribution of the Transregio Collaborative Re-

SWP and SWP sensed by roots in 1-D soil layers was estisearch Center 32, Patterns in Soil-Vegetation-Atmosphere Systems:
mated with an approximate analytical solution of soil water Monitoring, Modelling and Data Assimilation, which is funded by
flow towards roots. The validity of the latter model, when the German research association, DFG.

two of its assumptions are not met (regular rooting distribu-
tion and constant RWU rate) was questioned. First, horizon
tal rooting heterogeneity was shown to impact effective val-
ues of the geometrical paramejefor maize, while a better
agreement between theoretical and effective valugsidre
noticed for the rather regular rooting distribution of winter
wheat. Second, accounting for past uptake rates over a time
window of 36 h improved the agreement with reference re-
sults, whose local RWU rates were transient. However, for
maize, the layers’ soil-root interface water potentials could
not be accurately predicted, especially in dry conditions.
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Appendix A

Definition of soil water flow divergence necessary to keep
soil water potential homogeneous during root water up-
take in upscaled soil elements

From an initially uniform distribution of SWP inside
a horizontally upscaled soil element, taking up a flux
“Sup,g-Vup,g" of water would generate SWP heterogeneity

water potential heterogeneity 1739
Considering initial SWP as homogeneous inside the upscaled
soil element, local uptake rates can be defined as standard
fractions of the total uptake rate of the upscaled element:

SSk

Sk Vi :SUp’g.VUp’g'm’
,8

(A4)

WhereZ &k,g-SSh = SShyp .
k=

around roots if water was not redistributed. Leading SWP to From Eqs (A3) and (A4), the local divergence of soil wa-

a new homogeneous state inside the upscaled soil eleme
instantly requires a horizontal divergence of soil water flow
(mostly negative in regions where RWU occurs), which de-
pends on the characteristic distribution of RWU inside the
upscaled soil element.

When using upscaled soil elements, one indirectly as-
sumes that the element is an entity keeping its inner water
potential homogeneous, independently of other upscaled el-
ements. In other words, the equilibration of inner SWP re-

quires soil water redistribution, which is assumed to come

from the inside of the upscaled element only. The divergence
of soil capillary flow over the upscaled soil element is thus

zero regarding the equilibration step, while divergences may

locally be different from zero in its constituting elements.
Note that when calculating soil water flow between different

upscaled soil elements, their divergence of water flow may OfRSO|I<—>hyp ¢ = k=1

course be different from zero.
The following forms of the Richards equation thus apply,

respectively for upscaled and fine soil elements, regarding
the instantaneous equilibration of upscaled elements innef=

SWP:

89Up g

—= = , Al
a1 Up,g ( )

00 .

— = —Divy — S, A2

5 K — Sk (A2)

where Diy, (L L—23 T~1) is the divergence of soil water flow
in the kth fine element, more commonly expressed-a¥*
[K (I/Im,k) VWs,k]"-

In order to keep SWP horizontally homogeneous inside
an upscaled element (and considering soil hydraulic prop-
erties as uniform), all Iocafﬂ need to equa%. From
Egs. (A1) and (A2) we thus obtain
— Sk

Divy = Sy (A3)
p.g

www.hydrol-earth-syst-sci.net/18/1723/2014/

rgr flow can be defined as follows:
(7o~ 55)
’ SSRype /)

Since in our case, soil water flow divergence is simply a re-
distribution of water inside the upscaled element, the volu-
metrlc integration of positive terms equals that of negative
terms, and half the volumetric integration of all absolute
terms. We thus obtain the following definition of the volu-
metric integration of positive water flow divergence neces-
sary to keep SWP uniform inside an upscaled soil element,
Rsoil <hyp,g (L3 T 1)-

Vi
Vup.g

Vup.g
Vi

Divy = Sup.e. (A5)
p.g

Z ek,g-Vk- |Divg|
2
M
SS Vi
kg:lgk,g~ ‘ SSEJEF;-X N VUl];g
|Sup.g|-Vup.g-— > (AB)

Note that soil water flow divergence at scales lower than the
scale of fine elements is not considered in the latter equation.

M SSK
i kzgkg‘ss'ﬁpg .
The coefficient > appears to be an in-

dicator of how “generator of SWP heterogeneity” a HA is,
inside an upscaled soil element (which could be enlarged
up to the whole soil domain). Its value tends to zero for
uniform standard sink distributions inside the upscaled ele-
ment, which do not create SWP heterogeneities, and tends to

one for a single root inside an infinitesimal part of the up-
scaled element, which corresponds to the case generating the
biggest amount of heterogeneity for a given water uptake or
exudation rate.

Vi ‘
VUp,g
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Appendix B

Theoretical equation for the geometrical parameter p,
for regular root distribution in a soil layer

De Jong Van Lier et al. (2006) provides the following theo-
retical equation for the geometrical paramgtefor regular
root distribution in a soil layer:

: (B1)

Pg =
2 1

rg,g - n.IgLDg + 2. <n.RLDg + rg,g) Jn <r0'g‘ /jaT_RLDg>

whererg , (L) is the mean roots radius at tigéh deptha (-)

is a parameter considered as equal to 0.53 (De Jong Van Lier

etal., 2006), and RLp(L*Z) is the root length density at the
gth depth.
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Appendix C Vertical water redistribution rates by roots were calculated
as the integration of absolute net compensatory RWU of each
Equations for vertical and horizontal water soil layer:

redistribution rates by soil and roots

(C3)

M
ZSk,zﬂk
k=1

whereRoot; (L2 T~1) is the vertical water redistribution rate
by roots, S = Sk.Vi — SSK.Tact (L2 T~1) is the compen-
1M satory RWU in thekth soil element/ (-) is the soil layer
Rsoil> = > Z |(Ix2k — Ixrk) -dy.dz index, L is the total number of soil layers, aagl; (-) equals
= 1 when thekth soil element is included in thigh soil layer
+ (Jy2k — Jy1k) -dx.dz| (C1)  and equals 0 otherwise.
Horizontal water redistribution rates by roots were calcu-
lated as the integration of absolute deviations of compen-
" satory RWU as compared to the expected distribution of lay-
Rsoil s = }Z ’(Jzz,k _ le’k) .dx.dy| (C2) ers net compensatory RWU for horizontally uniform SWP:

k=1

1 L
Vertical and horizontal water redistribution rates by soil were Rrooty = 2 Z
calculated as the volumetric integration of the corresponding =1
absolute components of water flow divergence between son
elements:

where Rgoil. and Rsoil 4 (L3 T~1) are, respectively, the hor-
izontal and vertical components of water redistribution rates _ SSF.
by soil, Jx1.x andJyzx (L T~1) are soil water flow densities Rroote> = Z 5 28“ Pr — (Z Ek.l- '3")
in thex direction, respectively on the first and second side of =1° Z &k,1-SSk
soil element #, anddy (L) is the length of soil elements in
thex direction (same logic fop andz directions). (C4)

Even though RWU rates have no direction per se, water
redistribution between layers was considered vertical while"
redistribution resulting from horizontal heterogeneities wasrate by roots Z ex.1.Bc (L3 T~1) is the net compensatory
considered horizontal. k=1

RWU in thelth soil layer,-—>% (-) is the fraction of net
> eSSk

k=1
compensatory RWU expected in tkih soil element in case
SWP would be horizontally uniform in thi¢h soil layer.

where Rrootes (L3 T-1) is the horizontal water redistribution
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