
E

M1

J1

a
2

b
3

4

a5

6

A7

R8

R

2

9

10

A11

12

K13

R14

N15

C16

U17

N18

H19

1

R20

b21

t22

a23

0
d

C
TE

D
 P

R
O

O
F

ARTICLE IN PRESSCOMOD 5327 1–17

e c o l o g i c a l m o d e l l i n g x x x ( 2 0 0 8 ) xxx–xxx

avai lab le at www.sc iencedi rec t .com

journa l homepage: www.e lsev ier .com/ locate /eco lmodel

odeling compensated root water and nutrient uptake
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a b s t r a c t

Plant root water and nutrient uptake is one of the most important processes in subsurface

unsaturated flow and transport modeling, as root uptake controls actual plant evapotran-

spiration, water recharge and nutrient leaching to the groundwater, and exerts a major

influence on predictions of global climate models. In general, unsaturated models describe

root uptake relatively simple. For example, root water uptake is mostly uncompensated and

nutrient uptake is simulated assuming that all uptake is passive, through the water uptake

pathway only. We present a new compensated root water and nutrient uptake model, imple-

mented in HYDRUS. The so-called root adaptability factor represents a threshold value above

which reduced root water or nutrient uptake in water- or nutrient-stressed parts of the root

zone is fully compensated for by increased uptake in other soil regions that are less stressed.

Using a critical value of the water stress index, water uptake compensation is proportional

to the water stress response function. Total root nutrient uptake is determined from the total

of active and passive nutrient uptake. The partitioning between passive and active uptake

is controlled by the a priori defined concentration value cmax. Passive nutrient uptake is

simulated by multiplying root water uptake with the dissolved nutrient concentration, for

soil solution concentration values below cmax. Passive nutrient uptake is thus zero when

cmax is equal to zero. As the active nutrient uptake is obtained from the difference between

plant nutrient demand and passive nutrient uptake (using Michaelis–Menten kinetics), the

presented model thus implies that reduced passive nutrient uptake is compensated for by
R
Eactive nutrient uptake. In addition, the proposed root uptake model includes compensation

for active nutrient uptake, in a similar way as used for root water uptake. The proposed

root water and nutrient uptake model is demonstrated by several hypothetical exam-

ples, for plants supplied by water due to capillary rise from groundwater and surface drip

irrigation.
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25

els simulating water content and fluxes in the subsurface, 26
O
R

. Introduction

oot surfaces represent one of the most important phase
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oundaries in nature since most mineral nutrients essen-
ial for life enter the biosphere and the food chains of the
nimal world through the roots of higher plants (Nissen,
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1991). Similarly, root water and nutrient uptake is one of
the most important processes considered in numerical mod-
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),
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thus controlling water flow (recharge) and nutrient transport 27

(leaching) to the groundwater, and exerting a major influ- 28
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Raats, 2004) on terrestrial ecological systems, driving new
research at understanding roots and their functioning (Skaggs
and Shouse, 2008).

There are two major approaches generally used for the
simulation of root water uptake in vadose zone hydrologi-
cal models, to be applied at the plot or field scale (Hopmans
and Bristow, 2002). Early detailed quantitative studies of water
extraction by plant roots were based on a microscopic or meso-
scopic (Feddes and Raats, 2004) approach that considered a
single root to be an infinitely long cylinder of uniform radius
and water-absorbing properties (Gardner, 1960). Water flow
to a root was described using the Richards equation formu-
lated in radial coordinates, with flow into the root driven by
water potential gradients between the root and surround-
ing soil and proportional to the hydraulic conductivity of the
soil surrounding the root (Mmolawa and Or, 2000) or the root
radial water conductivity parameter (Roose and Fowler, 2004).
Recent numerical modeling studies are increasingly apply-
ing the integrated plant root–soil domain approach, whereby
total plant transpiration is computed from solution of water
potential in the combined soil and root domain, solving for
both root and soil water potential (e.g., Doussan et al., 2006;
Javaux et al., 2008). Several models have been suggested that
simulate individual roots and overall plant root architecture
(e.g., Clausnitzer and Hopmans, 1994; Kastner-Maresch and
Mooney, 1994; Brown et al., 1997; Grant, 1998; Somma et al.,
1998; Biondini, 2001). These models often consider specific
processes such as biomass allocation to individual roots (e.g.,
Kastner-Maresch and Mooney, 1994; Grant, 1998; Somma et
al., 1998; Biondini, 2001), root growth redirection to areas with
high soil nutrient concentrations (e.g., Somma et al., 1998;
Biondini, 2001), linking of functioning of microbial ecosystems
(Brown et al., 1997) and mycorryzal growth (Grant, 1998) to spa-
tial structure of roots, or competition of different plant species
for nutrients (e.g., Biondini, 2001; Raynaud and Leadlley, 2005).
In addition to being more realistic in simulating soil-root inter-
actions at the individual rootlet scale, the main advantage of
this approach is that it automatically allows for compensa-
tion of soil water stress, as root water uptake is controlled by
computed local water potential gradients and root conductiv-
ity for the whole root system. However, because of the lack
of relevant soil and root data and the huge computational
requirements for simulation purposes at this microscopic
scale, soil water flow models that consider flow to each indi-
vidual rootlet or plant root architecture have been limited to
applications at a relatively small scale of a single plant.

Most vadose zone models that are used at the plot or field
scale (e.g., Jarvis, 1994; Flerchinger et al., 1996; van Dam et
al., 1997; Fayer, 2000; van den Berg et al., 2002; Šimůnek et al.,
2008) utilize the macroscopic approach, whereby the potential
transpiration is distributed over the root zone proportionally
to root density, and is locally reduced depending on soil satu-
ration and salinity status (Molz, 1981). This much more widely
used approach (e.g., Feddes et al., 1974; Bouten, 1995) neglects
effects of the root geometry and flow pathways around roots,
and formulates root water uptake using a macroscopic sink
term that lumps root water uptake processes into a single term
Please cite this article in press as: Šimůnek, J., Hopmans, J.W., Modeling
doi:10.1016/j.ecolmodel.2008.11.004

of the governing mass balance equation. A wide variety of root
water uptake reduction functions have been suggested, rang-
ing from a simple two-parameter threshold and slope function
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(Maas, 1990) or an S-shaped function (van Genuchten, 1987), to
more complex functions that can include up to 5 fitting param-
eters such as suggested by Feddes et al. (1978). We refer readers
to the review paper by Feddes and Raats (2004) for more details.

Usually, a compensation mechanism to balance reduced
water uptake from one part of the rhizosphere by increased
uptake in another less-stressed region of the rooting zone,
while simulated in microscopic models, is neglected in
vadose zone models. There is, however, growing experimental
evidence that plants, especially non-cultural plants, can com-
pensate for water stress in one part of the root zone by taking
up water from parts of the root zone where water is avail-
able (e.g., Taylor and Klepper, 1978; Hasegawa and Yoshida,
1982; English and Raja, 1996; Stikic et al., 2003; Leib et al.,
2006). The MACRO model (Jarvis, 1994) is an exception among
the more widely used models as it uses a critical value of
the water stress index, or root adaptability factor, to allow
for compensated root water uptake. This factor represents a
threshold value above which root water uptake that is reduced
in stressed parts of the root zone is fully compensated for
by increased uptake from other parts. Among the research
models, in their ENVIRO-GRO model, Pang and Letey (1998)
used a similar threshold value to compute partial root water
uptake compensation. Similarly, Li et al. (2001) and Bouten
(1995) distributed the potential transpiration across the root
zone according to a weighted stress index, which was a func-
tion of both root distribution and soil water availability or
water saturation fraction, respectively. A different approach
was used by Adiku et al. (2000), who assumed that plants seek
to minimize the total rate of energy expenditure during root
water uptake. They formulated the root water uptake problem
as a minimization problem and solved it using a dynamic pro-
gram framework. Their optimized model simulated patterns
of water extraction from uniformly wet soil profiles, with high-
est water extraction rates in the section where the root length
density was also highest. For conditions with a dry soil sur-
face, a reduction of root water uptake from the drier near soil
surface zone was compensated for by an increased root activ-
ity at greater soil depths, irrespective of root distribution. A
review of compensatory modeling approaches was recently
presented by Skaggs et al. (2006).

Plant nutrient availability and uptake is controlled by
both soil transport and plant uptake mechanisms. A detailed
description of nutrient uptake is often included in agronomic
models that simulate differentiation of plant nutrient demand
during various physiological growth stages (e.g., Parton et
al., 1987; Jones and Ritchie, 1990). These models, however,
typically greatly simplify soil water flow and nutrient trans-
port towards the root–soil interface. In contrast, vadose zone
models greatly simplify root nutrient uptake, often consider-
ing only its passive component and neglecting plant growth
dynamics (e.g., Jarvis, 1994; Flerchinger et al., 1996; van Dam
et al., 1997; Fayer, 2000; van den Berg et al., 2002; Šimůnek et
al., 2008).

Solute transport in soils occurs by both mass flow and
molecular diffusion. In the case of non-adsorbing nutrients,
nutrient uptake is controlled mainly by mass flow, as is the
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),

case of nitrate-N (e.g., Barber, 1995). In some cases, mass flow 146

of specific nutrients (e.g., Ca2+ and Mg2+) may exceed the plant 147

requirements, resulting in accumulation of particular ions 148

dx.doi.org/10.1016/j.ecolmodel.2008.11.004
Original text:
Inserted Text
root-soil 

Original text:
Inserted Text
1976

Original text:
Inserted Text
root-soil 



D

 INECOMOD 5327 1–17

n g x

o149

t150

n151

a152

b153

2154

A155

f156

s157

t158

p159

r160

m161

e162

s163

t164

a165

166

m167

r168

e169

a170

t171

c172

l173

J174

H175

c176

p177

t178

fl179

t180

o181

m182

c183

a184

185

b186

a187

t188

t189

t190

n191

p192

1193

t194

p195

c196

p197

t198

u199

R200

a201

a202

a203

p204

t205

u206

2207

a208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265
U
N

C
O

R
R

E
C

TE

ARTICLE
e c o l o g i c a l m o d e l l i

r even precipitation of corresponding solids (e.g., CaSO4) at
he root surface (Neumann and Römheld, 2002). Alternatively,
utrients that exhibit low solubility in soil solutions, such
s P, K, NH4

+, and most micronutrients, are rapidly depleted
y root uptake in the soil solution (Neumann and Römheld,
002), since roots absorb nutrients only in the dissolved state.
resulting concentration gradient causes nutrient diffusion

rom the bulk soil toward the root surface. A decrease in the
olution concentration also disturbs the equilibrium between
he nutrients in solution and those bound to the solid soil
hase, resulting in their release from the solid phase and
eplenishing of the solution concentration (Jungk, 2002). Plants

ay utilize various additional strategies to mobilize nutri-
nts, i.e., to release them from their association with the
olid phase, such as modification of the chemical composi-
ion or association of roots with micro-organisms (Neumann
nd Römheld, 2002).

There are many physical, biological, and physiological
echanisms that are involved in the nutrient uptake by plant

oots (e.g., Jungk, 2002; Hopmans and Bristow, 2002; Darrah
t al., 2006). These can be broadly divided into passive and
ctive components. While the passive component represents
he mass flow of nutrient into roots with water, the active
omponent represents a very diverse range of various bio-
ogical energy-driven processes (e.g., Luxmoore et al., 1978;
ungk, 2002; Neumann and Römheld, 2002; Silberbush, 2002;
opmans and Bristow, 2002) that affect the movement of spe-
ific nutrients from the root’s free space (cell walls) into the
lant. The term passive nutrient uptake is thus defined here as
he movement of nutrients into the roots by convective mass
ow of water, directly coupled with root water uptake. The
erm active nutrient uptake then represents the movement
f nutrients into the roots induced by other mechanisms than
ass flow. These other mechanisms include, for example, spe-

ific ion uptake by electro-chemical gradients, ion pumping
nd uptake through ion channels.

Different fractions of different nutrients are supplied
y active and passive mechanisms (Jungk, 2002; Neumann
nd Römheld, 2002). Shaner and Boyer (1976) demonstrated
hat the nitrate xylem concentration varied inversely with
ranspiration rate, and that nitrate uptake is mostly a func-
ion of metabolic rate rather than transpiration rate. Active
itrate uptake is considered to occur via NO3

−/H+ cotrans-
ort, or NO3

−/H+ counter transport via carriers (Haynes,
986), with the electrochemical gradient generated by pro-
on pumping. Although not strictly proven, it is generally
roposed that active uptake dominates in the low supply
oncentration range and under stress conditions, whereas
assive uptake becomes more important at higher soil solu-
ion concentrations, via mass flow driven by root water
ptake and transpiration (see also Porporato et al. (2003)).
ather than a priori defining the nutrient uptake mech-
nism, Somma et al. (1998) assumed that passive and
ctive uptake can be considered as additive processes,
nd allowed for a flexible partitioning between active and
assive uptake, with the relative contribution of each
o be determined by the model user, and total nutrient
Please cite this article in press as: Šimůnek, J., Hopmans, J.W., Modeling
doi:10.1016/j.ecolmodel.2008.11.004

ptake controlled by plant nutrient demand (Hopmans,
006). A similar approach was adopted by Porporato et
l. (2003) in their modeling study to evaluate the influ-
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ence of soil moisture control on soil carbon and nitrogen
cycling.

In addition to soil transport mechanisms, nutrient uptake
is controlled by the spatial distribution of roots, as influenced
by its architecture, morphology and presence of active sites
of nutrient uptake, including root hairs (e.g., Somma et al.,
1998; Biondini, 2001; Javaux et al., 2008). For nutrients that are
immobile (e.g. P) or slowly mobile (ammonium), a root sys-
tem must develop so that it has access to the nutrients, by
increasing their exploration volume. Alternatively, the roots
may increase its exploitation power for the specific nutri-
ent by local adaptation of the rooting system, allowing for
increased uptake efficiency of the nutrient. When consider-
ing the rhizosphere dynamics of water and nutrient uptake,
many more mechanisms may have to be considered, includ-
ing rhizosphere acidification (Pierre and Banwart, 1973) and
nitrogen mineralization (Bar-Yosef, 1999).

The root water and nutrient uptake model presented in this
manuscript links soil physical principles with plant physiolog-
ical concepts, thereby providing for an improved integration
of scientific principles as needed for an interdisciplinary eco-
logical approach, as compared to most other approaches.
We understand that such integration may polarize different
view points between scientific fields, and create misunder-
standings of notation and concepts that are unique within
each discipline. However, the mathematical model introduced
here is an honest attempt to cross disciplinary boundaries as
required for advancing the science for the broad and com-
plex study field of ecology. The presented subsurface modeling
approach will greatly improve scenario testing for soil–plant
systems, by including plant uptake mechanisms such as
compensated root water and active root nutrient uptake. As
we demonstrate in the example simulations, soil nutrient
concentrations are controlled by the magnitude of partition-
ing between passive and active plant nutrient uptake. This
is especially important for natural ecosystems, where soil
nutrient concentrations are generally much lower for most
plant nutrients than in agricultural systems. In addition, nat-
ural ecosystems often suffer from environmental stresses
(water, nutrient, temperature), and the plant responses to such
limiting factors are highly relevant for understanding their
functioning and survival strategies. We note that compari-
son of model results as shown here at the single-plant scale
is much more difficult for larger ecosystem models, because
of inherent soil heterogeneities, thereby complicating model
input requirements and model calibration (Wegehenkel and
Mirschel, 2006). Alternatively, less data-intensive and sim-
pler water- and nutrient uptake models may be warranted
for ecosystem-scale analysis of soil environmental constraints
(De Barros et al., 2004; van den Berg et al., 2002).

The objective of the presented study is to reformulate the
mathematical and numerical model of root water and nutrient
uptake, as commonly implemented in vadose zone flow and
transport models (e.g., Jarvis, 1994; Bouten, 1995; Flerchinger
et al., 1996; van Dam et al., 1997; Fayer, 2000; van den Berg et al.,
2002; Šimůnek et al., 2008), by including compensation of local
water and nutrient stresses, and partitioning between passive
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),

and active nutrient uptake. The model should be as general 266

as possible so that it can be applied to an arbitrary nutri- 267

ent (either adsorbing or non-adsorbing) without any further 268
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modifications by simply selecting the relevant model param-
eters, while at the same time simple enough so that it can be
readily implemented in vadose zone flow and transport mod-
els. Therefore, we do not strive to simulate individual roots
or plant root architecture (e.g., Biondini, 2001 and similar ref-
erences given above), biomass allocation to roots (e.g., Grant,
1993; Kastner-Maresch and Mooney, 1994), or dynamics of the
soil microbial system and the carbon, nitrogen and phospho-
rus cycles in the soil (e.g., Parton et al., 1987; Wegehenkel
and Mirschel, 2006). The new root uptake model is imple-
mented into the HYDRUS software packages (Šimůnek et al.,
2006, 2008) and several examples are given demonstrating the
effects of the water and nutrient uptake compensation and
active nutrient uptake on root zone soil moisture and nutrient
distribution.

2. Theory

2.1. Water flow and nutrient transport

Water flow and nutrient transport in variably saturated porous
media are usually described using the Richards (1931) and con-
vection–dispersion equations (CDE), respectively:

∂�(h)
∂t

= ∂

∂xi

[
K(h)

(
KA

ij

∂h

∂xj
+ KA

iz

)]
− s∗(h) (1)

∂�bc̄

∂t
+ ∂�c

∂t
= ∂

∂xi

(
�Dij

∂c

∂xj

)
− ∂(qic)

∂xi
− � − ra(c, h) (2)

In the Richards equation (1), � is the volumetric water con-
tent [L3L−3], h is the soil water potential expressed by pressure
head [L], K is the unsaturated hydraulic conductivity [LT−1],
KA

ij
are components of a dimensionless anisotropy tensor

KA (which reduces to the unit matrix when the medium is
isotropic), t is time [T], xi are the spatial coordinates [L], and s*

is the sink/source term [L3L−3T−1], accounting for root water
uptake (transpiration). The sink term, s*, represents the vol-
ume of water removed per unit time from a unit volume of
soil due to plant water uptake. In this paper, s* can repre-
sent either uncompensated (s) or compensated (sc) root water
uptake.

In the CDE, �b is the bulk density [ML−3], c̄ [MM−1] and
c [ML−3] are concentrations in the solid and liquid phases,
respectively; Dij are components of the effective dispersion
tensor [L2T−1], qi is the volumetric flux density [LT−1], � is the
rate of change of mass per unit volume by chemical or bio-
logical reactions or other sources (negative) or sinks (positive)
[ML−3T−1]. For example, nitrification and denitrification are
typical examples of reactions that can be represented by the �-
term. Finally, ra represents the root nutrient uptake [ML−3T−1],
which is the sum of the actual (subscript a) passive (pa) and
active (aa) root nutrient uptakes. The sink terms ra, pa, and
aa represent the mass of nutrient (nutrients) removed per
unit time from a unit volume of soil due to the total, pas-
U

Please cite this article in press as: Šimůnek, J., Hopmans, J.W., Modeling
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sive and active plant nutrient uptake, respectively. The solid
phase concentration, c̄, accounts for nutrient either sorbed to
the solid phase or precipitated in various minerals. This term
is usually mathematically described using linear or nonlinear
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sorption isotherms describing instantaneous sorption of the
nutrient, or various kinetic equations describing rate limited
sorption/desorption or precipitation/dissolution. For example,
when the solid phase concentration is expressed by an adsorp-
tion isotherm, the left hand side of Eq. (2) can be reformulated
as follows:

∂�bc̄

∂t
+ ∂�c

∂t
= ∂�Rc

∂t
, R = 1 + �b

�

∂c̄

∂t
(3)

where R is the retardation factor [−], defining the partitioning
of nutrient between the solid and liquid phases. The retar-
dation factor is closely related to the buffering factor, a term
often used in literature dealing with root uptake. Notice that in
both Eqs. (1) and (2), lower case symbols describing root water
and nutrient uptake represent local values, while upper case
symbols (defined below) represent global values, that is, local
values integrated over the root zone.

2.2. Root water and nutrient uptake

In the following we will formulate our root water (s*) and
nutrient uptake (ra) terms using the macroscopic approach
(Fig. 1). We will formulate it for a two-dimensional prob-
lem, although both one- or three-dimensional formulations
are trivial simplification or expansion of this two dimen-
sional formulation, respectively. Fig. 1 presents a schematic
diagram that illustrates various stressed and unstressed,
compensated and uncompensated, active and passive root
water and nutrient uptakes discussed in the following sec-
tions.

2.2.1. Root water uptake
First, we must define the magnitude of potential root water
uptake rate, sp, corresponding to the potential transpiration
rate, Tp. Typically, the root water uptake is distributed over
the root zone according to the spatial root distribution (for
example, see Skaggs et al., 2006). The potential transpiration
is determined by the atmospheric demand, as controlled by
meteorological variables, such as net radiation, air tempera-
ture, wind speed, and relative humidity, but does not consider
the plant and soil environment. The potential transpiration
rate can be calculated from the meteorological variables using
various process-based or empirical formulas, such as the
FAO-recommended Penman–Montheith combination equa-
tion (FAO, 1990) or the Hargreaves formula (e.g., Jensen et al.,
1997), respectively.

When distributing the potential water uptake rate equally
over a two-dimensional rectangular root domain, sp becomes:

sp(x, z, t) = 1
LxLz

LtTp(t) (4)

where sp is the potential root water uptake rate [T−1] at loca-
tion (x, z) ant time t, Tp is the potential transpiration rate [LT−1],
Lz is the depth [L] of the root zone, Lx is the width [L] of the
root zone, L is the width [L] of the soil surface associated with
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),

t

the transpiration process, and x and z are spatial coordinates. 367

The distinction between Lt and Lx is needed for partially plant- 368

covered soil surfaces, and sp reduces to Tp/Lz when Lt = Lx. Eq. 369

(4) may be generalized by introducing a non–uniform distribu- 370
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Fig. 1 – Schematic diagram that illustrates the presented root water (a) and nutrient (b) uptake mechanisms (Tp, Ta, Tac –
potential, actual non-compensated, and actual compensated root water uptake rate, respectively; ˛ – water stress response
function; ωc – water stress index; Rp – potential root nutrient uptake rate; Pa – passive root nutrient uptake rate; Ap, Aa, Aac –
potential, actual non-compensated, and actual compensated root nutrient uptake rate, respectively; ˛MM – nutrient stress
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ion of the potential water uptake rate over a root zone with
n arbitrary shape (Vogel, 1987):

p(x, z, t) = b(x, z, t)LtTp(t) (5)

here b(x, z, t) is the normalized water uptake distribution
L−2] (Fig. 2). Note that b(x, z, t) is a function of space and time,
llowing for plant root growth. The functional description is
exible, and can accommodate known root distribution func-
ions, such as linear (Feddes et al., 1978), exponential (Raats,
974), or can be more general (Vrugt et al., 2001a,b). The func-
ion b(x, z, t) must be normalized to ensure that b(x, z, t)
U
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ntegrates to unity over the flow domain, i.e.:

˝R

b(x, z, t) d˝ = 1 (6)
).

where ˝R represents the root zone [L2]. From (5) and (6) it
follows that Sp is related to Tp by the expression:

Tp(t) = 1
Lt

∫
˝R

sp(x, z, t) d˝ (7)

Notice that the formulation above is given for a two-
dimensional problem. A similar expression can be derived,
with Lt equal to 1 [−] and the soil surface area [L2]
associated with the transpiration process, for one- and
three-dimensional formulations, respectively. Similarly, the
normalized water uptake distribution is equal either to b(z,
t) [L−1] or b(x, y, z, t) [L−3] for one- and three-dimensional
ECOMOD 5327 1–17
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Fig. 2 – Schematic of the potential water uptake
distribution function, b(x, z, t), in the soil root zone.

uptake, s, is obtained from the potential root water uptake,
sp, through multiplication with a stress response function
(Feddes et al., 1978), ˛, as follows:

s(h, h�, x, z, t) = ˛(h, h�, x, z, t) sp(t) (8)

where the stress response function ˛(h, h�) is a prescribed
dimensionless function of the soil water (h) and osmotic
(h�) pressure heads (0 ≤ ˛ ≤ 1). The stress response function
reduces the potential root water uptake due to the moisture
and salinity stress. Since extensive literature is devoted to var-
ious formulations of the water stress response function (e.g.,
Cardon and Letey, 1992; Feddes and Raats, 2004; Skaggs et al.,
2006), we will not discuss these here in detail. For example,
effects of the pressure head and osmotic stresses can be con-
sidered to be either additive or multiplicative (van Genuchten,
1987; Cardon and Letey, 1992; Feddes and Raats, 2004) or vari-
ous functions (e.g., an S-shape function (van Genuchten, 1987)
or a threshold and slope function (Maas, 1990)) representing
these stresses can be used. While some functions require only
two parameters (Maas, 1990; van Genuchten, 1987), the more
complex functions, such as that suggested by Feddes et al.
(1978), require five parameters.
U
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The presented examples will use the stress response func-
tion of Feddes et al. (1978) (Fig. 3). Notice that water uptake is
assumed to be zero close to saturation (i.e., wetter than some
arbitrary “anaerobiosis point”, h1). For h < h4 (the wilting point

Fig. 3 – Schematic of the plant water stress response
function, ˛(h), as used by Feddes et al. (1978).
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pressure head), water uptake is also zero. Water uptake is con-
sidered optimal between pressure heads h2 and h3, whereas
for soil water pressure head values between h3 and h4 (or h1

and h2), water uptake decreases (or increases) linearly with h.
For phreatic plants and trees that are able to extract water from
below the groundwater, values of h1 and h2 can be adjusted,
or set to zero in which case the Feddes’ function is similar
to the Maas (1990) model. Parameters of the stress response
function for a majority of agricultural crops can be found in
various databases (e.g., Taylor and Ashcroft, 1972; Wesseling
et al., 1991) and are directly implemented into the GUI of
HYDRUS. As is apparent from inspection of Eq. (7) the actual
root water uptake is equal to potential uptake (and potential
transpiration) during periods of no water stress (˛(h) = 1).

The actual local uncompensated root water uptake, s, is
obtained by substituting (5) into (8), or

s(h, h�, x, z, t) = ˛(h, h�, x, z, t)b(x, z, t)LtTp(t) (9)

so that the actual transpiration rate, Ta [LT−1], is obtained by
integrating (9) over the root domain ˝R, or

Ta(t) = 1
Lt

∫
˝R

s(h, h�, x, z, t) d˝

= Tp(t)

∫
˝R

˛(h, h�, x, z, t)b(x, z, t) d˝ (10)

2.2.1.2. Compensated root water uptake. The ratio of actual
and potential transpiration of uncompensated root water
uptake is defined as

Ta(t)
Tp(t)

= 1
Tp(t)Lt

∫
˝R

s(h, h�, x, z, t) d˝

=
∫

˝R

˛(h, h�, x, z, t)b(x, z, t) d˝ = ω(t) (11)

where ω is a dimensionless water stress index (Jarvis, 1989,
1994). Following Jarvis (1989, 1994), we introduce a critical
value of the water stress index ωc, or the so-called root adapt-
ability factor. It represents a threshold value, above which the
root water uptake reduced in stressed parts of the root zone
is fully compensated for by uptake from other, less-stressed
parts (Fig. 4). Below this critical value, there is a certain reduc-
tion of the potential transpiration, although smaller than in
uncompensated root water uptake.

Defining compensated actual transpiration rate, Tac, as the
ratio of Ta/ω, the ratio of the actual to potential transpiration
becomes for the water stress range above the critical water
stress index (i.e., ω > ωc):

∫
˛(h, h , x, z, t)b(x, z, t) d˝
ECOMOD 5327 1–17
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Tac(t)
Tp(t)

= Ta(t)
Tp(t)ω(t)

= ˝R
�

ω(t)
= ω(t)

ω(t)
= 1, 461

sc(h, h�, x, z, t) = ˛(h, h�, x, z, t)b(x, z, t)Lt
Tp(t)
ω(t)
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Fig. 4 – Ratio of the actual to potential transpiration as a
function of the stress index ω (arrows point towards the
corresponding axis; the left axis is for compensated
u
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ptake, while the right axis is for uncompensated uptake).

or the water stress range below the critical water stress index
i.e., ω < ωc) we define Tac = Ta/ωc, so that

Tac(t)
Tp(t)

= Ta(t)
Tp(t)ωc(t)

=
∫

˝R
˛(h, h�, x, z, t)b(x, z, t) d˝

ωc
= ω(t)

ωc
< 1,

sc(h, h�, x, z, t) = ˛(h, h�, x, z, t)b(x, z, t)Lt
Tp(t)
ωc

(13)

here sc is the compensated root water uptake [T−1]. For ωc = 1
nd 0, root water uptake is either uncompensated or fully com-
ensated, respectively. We note that division by zero in (13) is
heoretically not-defined. Uncompensated root water uptake
s thus a special case of compensated root water uptake when

c = 1 (Fig. 1a). Combined, both uncompensated and (fully or
artially) compensated models can be defined by

Tac(t)
Tp(t)

=
∫

˝R
˛(h, h�, x, z, t)b(x, z, t) d˝

max[ω(t), ωc]
= ω(t)

max[ω(t), ωc]
≤ 1,

sc(h, h�, x, z, t) = ˛(h, h�, x, z, t)b(x, z, t)Lt
Tp(t)

max[ω(t), ωc]
(14)

o that the total actual compensated plant transpiration is
qual to

ac(t) = 1
Lt

∫
˝R

sc(h, h�, x, z, t) d˝

= Tp(t)
max[ω(t), ωc]

∫
˝R

˛(h, h�, x, z, t)b(x, z, t) d˝ (15)

sing this approach, water uptake compensation is propor-
ional to the water stress response function. Water uptake
ncrease (compensation) is maximum in parts of the root zone

here the root water uptake is optimal (i.e., not reduced),
qual to zero in parts of the root zone where the pressure head
s below the wilting point or above the anaerobiosis point; and
U
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2001). We note that this compensation mechanism spatially
redistributes root water uptake from stressed to less-stressed
regions of the root zone, where water is held with smaller cap-
illary forces and thus more easily available for the plant. This
is very different than simply modifying the stress response
function by expanding the pressure head intervals for both
unlimited and limited uptake across the whole rooting zone.

However, as pointed out by Skaggs et al. (2006), the pre-
sented compensation is conceptually unsound, if the whole
root domain is equally stressed. For example, the model will
predict a full compensation of root water uptake when the
root zone has the uniform pressure head for which the water
uptake is reduced by less than the critical water stress index.
The predicted root water uptake, which is uniform under such
conditions throughout the root zone, will then deviate, due to
compensation, from the value predicted by the stress response
function. To overcome this conceptual problem one can, for
example, consider compensation of root water uptake to occur
(a) only from parts of the root zone which are not stressed at
all or (b) from zones which are stressed less than ω. After such
modification, the updated compensated root water uptake
model will follow the thick line from Fig. 4 only when the
pressure head in a part of the root zone is below the wilt-
ing point and the rest is either non-stressed or stressed less
than ω, respectively. For all other conditions, the model will be
between theoretical lines for non-compensated and compen-
sated root water uptake.

The compensated root water uptake model requires as
input the potential evapotranspiration rate Tp, the spatial
root distribution function b(x, z, t), the water stress response
function ˛, and the critical water stress index ωc. Therefore,
the additional new input variable, as compared to traditional
uncompensated root water uptake is the critical water stress
index, ωc. It can be expected that cultural (i.e., agricultural)
plants have a relatively high ωc and thus their ability to com-
pensate natural stresses is limited, as compared to natural
plants, especially desert species, that have a low ωc and cor-
respondingly high ability to compensate for natural stresses
(i.e., to only take up water and nutrients from those parts of
the root system where they are most available).

2.2.2. Root nutrient uptake
The presented model allows for both passive and active root
nutrient uptake. Whereas passive uptake describes the mass
flow and root uptake of nutrients dissolved in water taken up
by plant roots, we define active uptake as all other possible
nutrient uptake mechanisms, including energy-driven pro-
cesses against electrochemical gradients. The term “passive
uptake” is used here, and throughout the manuscript, to repre-
sent flow of nutrients into roots associated with flow of water
supplying the plant transpiration demand. Since transpiration
flow is an active process, the mass nutrient flow is also a pro-
cess that is actively regulated by plants. The terms “passive”
and “active” are used here mainly to distinguish between these
two mechanisms of root nutrient uptake.

Similarly, as for root water uptake, we define a poten-
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),

tial nutrient demand, Rp [ML−2T−1], that depends on the 545

plant physiological growth stage, supplied by both passive and 546

active nutrient uptake. Daily nutrient consumption rates are 547

known for various field crops as a function of their growth 548
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stage (after emergence or planting), for example as reported
by Bar-Yosef (1999) for N, P, and K nutrients.

We further assume that passive uptake is the primary
mechanism of supplying plants with nutrients, and that active
uptake is initiated only if passive uptake is inadequate. For
their physiological development, plants need to take up water
from the root zone, and as nutrients are dissolved in soil
water they can enter the plant by the dissolved water phase
pathway. The active uptake will then provide additional nutri-
ents that are required beyond what is supplied by passive
uptake. In general, the presented model allows for both pas-
sive and active nutrient uptake mechanism to occur separately
or simultaneously, as described below. The relative signifi-
cance of active and passive nutrient uptakes in supplying
various agricultural crops with nutrients can be found in the
literature. For example, values for N, P, and K in maize are given
by Jungk (1991).

2.2.2.1. Uncompensated nutrient uptake model. To clearly dif-
ferentiate between point and root domain nutrient uptake
rate values, we define lower case variables to represent point
root nutrient uptake rates [ML−3T−1], while upper case vari-
ables represent nutrient uptake rates [ML−2T−1] over the entire
two-dimensional root zone domain, ˝R. Both point and root
domain nutrient uptakes are assumed to be the sum of their
passive and active components, or

ra(x, z, t) = pa(x, z, t) + aa(x, z, t) (16)

Ra(t) = Pa(t) + Aa(t) (17)

where ra, pa, and aa define total actual (subscript a) passive
and active root nutrient uptake rates [ML−3T−1], respectively,
at any point, and Ra, Pa, and Aa denote actual total, passive
and active root nutrient uptake rates [ML−2T−1], respectively,
for the root zone domain.

Passive nutrient uptake is simulated by multiplying root
water uptake (compensated or uncompensated) with the dis-
solved nutrient concentration, for concentration values below
a priori defined maximum concentration (cmax), or

pa(x, z, t) = s∗(x, z, t) min[c(x, z, t), cmax] (18)

where c is the dissolved nutrient concentration [ML−3] and
cmax is the maximum allowed solution concentration [ML−3]
that can be taken up by plant roots during passive root uptake.
All nutrient dissolved in water is taken up by plant roots when
cmax is large (larger than the dissolved concentration c), while
no nutrient is taken up when cmax is equal to zero, with only
active uptake remaining in that case (Fig. 1b). The maximum
solution concentration for passive root uptake, cmax, thus con-
trols the relative proportion of passive root water uptake to
total uptake. Using this flexible formulation, uptake mecha-
nisms can vary between specific nutrients. For example, Na
uptake can be excluded by setting cmax equal to zero, passive
Ca uptake can be limited by defining a finite c value, or all
U
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max

soil solution available P or N is allowed to be taken up pas-
sively, by setting cmax to a very large value. Note that the cmax

parameter is introduced as a control model parameter that
does not necessarily have a physiological meaning.
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Passive actual root nutrient uptake for the whole root
domain, Pa [ML−2T−1], is calculated by integrating the local
passive root nutrient uptake rate, pa, over the entire root zone,
or after applying Eq. (14):

Pa(t) = 1
Lt

∫
˝R

pa(x, z, t) d˝

= 1
Lt

∫
˝R

s∗(x, z, t) min[c(x, z, t), cmax] d˝

= Tp(t)
max[ω(t), ωc]

∫
˝R

˛(h, h�, x, z, t)b(x, z, t) min[c(x, z, t), cmax] d˝ (19)

Defining Rp as the potential (subscript p) nutrient demand
[ML−2T−1], the potential active nutrient uptake rate, Ap

[ML−2T−1], is computed from:

Ap(t) = max[Rp(t) − Pa(t), 0] (20)

Thus, using this formulation, we assume that active nutrient
uptake will be invoked only if the passive root nutrient uptake
term does not fully satisfy the potential nutrient demand
of the plant. However, as was discussed earlier, the passive
uptake can be reduced or completely turned off (cmax = 0), thus
allowing the potential active nutrient uptake (Ap) to be equal
to the potential nutrient demand (Rp). Once Ap is known,
the point values of potential active nutrient uptake rates, ap

[ML−3T−1], are obtained by distributing the potential root zone
active nutrient uptake rate, Ap [ML−2T−1], over the root zone
domain, using a predefined spatial root distribution, b(x, z, t),
as was done for root water uptake in Eq. (5), or

ap(x, z, t) = b(x, z, t)LtAp(t) (21)

Using Michaelis–Menten kinetics (e.g., Jungk, 1991) provides
for actual distributed values of active nutrient uptake rates,
aa [ML−3T−1], allowing for nutrient concentration dependency,
or

aa(x, z, t) = c(x, z, t) − cmin

Km + c(x, z, t) − cmin
ap(x, z, t)

= c(x, z, t) − cmin

Km + c(x, z, t) − cmin
b(x, z, t)LtAp(t) (22)

where Km is the Michaelis–Menten constant [ML−3] and cmin

is the minimum nutrient concentration required for active
uptake to take effect [ML−3] (Jungk, 1991), thus assuming that
active nutrient uptake will occur only if the dissolved nutrient
concentration in the soil solution is sufficiently high. Other
approaches have been suggested to deal with the concen-
tration threshold (Silberbush, 2002). The Michaelis–Menten
constants for selected nutrients (e.g., N, P, and K) and plant
species (e.g., corn, soybean, wheat, tomato, pepper, lettuce,
and barley) can be found in the literature (e.g., Bar-Yosef,
ECOMOD 5327 1–17
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1999). Though not in agreement with the presented concept of 644

distinguishing between passive and active uptake, the formu- 645

lation could be easily modified so that the Michaelis–Menten 646

kinetics is applied to the sum of the active and passive nutri- 647
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Fig. 5 – Ratio of actual to potential active nutrient uptake as
a function of the stress index � (arrows point towards the
c
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orresponding axis; the left axis is for compensated
ptake, while the right axis is for uncompensated uptake).

nt uptake as it is usually used in the literature (Silberbush,
002).

Finally, total active uncompensated root nutrient uptake
ate, Aa [ML−2T−1], is calculated by integrating the actual
ctive root nutrient uptake rate, aa, at each point, over the
oot domain ˝R, in analogy with the non-compensated root
ater uptake term in Eq. (10), or

a(t) = 1
Lt

∫
˝R

aa(x, z, t) d˝

= Ap(t)

∫
˝R

c(x, z, t) − cmin

Km + c(x, z, t) − cmin
b(x, z, t) d˝ (23)

.2.2.2. Compensated nutrient uptake model. The above nutri-
nt uptake model includes compensation of the passive
utrient uptake, by way of the root water uptake compen-
ation term, sc, and root adaptability factor, ωc, in Eq. (19). A
imilar compensation concept as used for root water uptake in
qs. (11) and (12), was implemented for active nutrient uptake
ate, by invoking a so-called nutrient stress index �:

(t) = Aa(t)
Ap(t)

(24)

fter substitution of the active total root nutrient uptake rate
alue from Eq. (23) above, this newly defined nutrient stress
ndex (�) is equal to

(t) =
∫

˝R

c(x, z, t) − cmin

Km + c(x, z, t) − cmin
b(x, z, t) d˝ (25)

fter defining the critical value of the nutrient stress index

c (Fig. 5), above which value active nutrient uptake is fully
ompensated for by active uptake in other more-available (less
tressed) soil regions, the local compensated active root nutri-
nt uptake rate, aac [ML−3T−1], is obtained by including the
utrient-stress index function in the denominator of Eq. (22),
U
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r

ac(x, z, t) = c(x, z, t) − cmin

Km + c(x, z, t) − cmin
b(x, z, t)Lt

Ap(t)
max[�(t), �c]

(26)
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from which the total compensated active root nutrient uptake
rate, Aac [ML−2T−1] in the two-dimensional root domain, ˝R,
is calculated, in analogy with the compensated root water
uptake term in Eq. (15), as follows:

Aac(t) = 1
Lt

∫
˝R

aac(x, z, t) d˝

= Ap(t)
max[�(t), �c]

∫
˝R

c(x, z, t) − cmin

Km + c(x, z, t) − cmin
b(x, z, t) d˝

(27)

Eq. (20) implies that reduction in root water uptake will
decrease passive nutrient uptake, thereby increasing active
nutrient uptake proportionally. In other words, total nutrient
uptake is not affected by soil water stress, as computed by
the proportion of actual to potential root water uptake. This
is not realistic since one would expect that plant nutrient
requirements will be reduced for water-stressed plants. For
that reason, the uptake model includes additional flexibility,
by reducing the potential nutrient demand Rp [ML−2T−1], in
proportion to the reduction of root water uptake, as defined
by the actual to potential transpiration ratio, or

Ap(t) = max

[
Rp(t)

Tac(t)
Tp(t)

− Pa(t), 0

]
(28)

In summary, the presented root nutrient uptake model with
compensation requires as input the potential nutrient uptake
rate (demand), Rp, the spatial root distribution function b(x, z,
t) as needed for the water uptake term, the Michaelis–Menton
constant Km, the maximum nutrient concentration that can be
taken up passively by plant roots cmax, the minimum concen-
tration cmin needed to initiate active nutrient uptake, and the
critical nutrient stress index �c. The passive nutrient uptake
term can be turned off by selecting cmax equal to zero. More-
over, active nutrient uptake can be eliminated by specifying a
zero value for Rp in Eq. (20), or by selecting a very large cmin

value in Eq. (22). It is likely that values of these parameters are
nutrient- and plant-specific. Similarly as for root water uptake,
it can be expected that �c for agricultural crops is relatively
high when compared to natural plants that are likely to have
more ability to compensate for soil environmental stresses.
Other parameters, such as cmax will likely need to be cali-
brated to specific conditions before the model can be used for
predictive purposes.

3. Numerical implementation

Both the Richards equation (1) and the convection–dispersion
equation (2) are solved in HYDRUS code (Šimůnek et al., 2006,
2008) using the finite element method in the spatial domain
and the finite differences method in the temporal domain.
Implementation of the compensated root water and nutrient
uptake routines did require changing the numerical approach
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),

to solve these governing equations. However, a two- or three- 722

step approach was needed to calculate the compensated root 723

water and nutrient uptake with passive and active compo- 724

nents, respectively, for each time step. 725
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Fig. 6 – Example 1. Root water uptake (top) and soil water
pressure head (bottom) profiles for uncompensated (solid
thick lines) and compensated root water uptake with values
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In the root water uptake module, the uncompensated root
water uptake (9) and the dimensionless water stress index ω

(11) are evaluated in the first iteration step, which is the only
step needed when compensated root water uptake is not con-
sidered. The compensated root water uptake (13) is evaluated
in the second step, prior to solving the Richards equation (1).

A multiple-step approach was required to evaluate the
root nutrient uptake term. Only one step is needed, when
only passive or no root nutrient uptake is considered. If non-
compensated active root nutrient uptake is considered, a
two-step approach is required. In this case, passive nutri-
ent uptake (18) and potential active nutrient uptake rate Ap

(20) are evaluated in the first step, whereas uncompensated
active root nutrient uptake (22) is evaluated during the sec-
ond step. The additional third step is needed if compensated
active root water uptake is considered. In that case, the nutri-
ent stress index � (24) is first evaluated during the second step,
so that the compensated active root nutrient uptake (26) can
be evaluated in the third step, prior to solving the convec-
tion–dispersion equation (2).

4. Examples

The functioning of compensated root water uptake is demon-
strated for three examples. While the first example considers
a simple one-dimensional soil profile, the second example
applies to an axi-symmetrical three-dimensional water flow
and nutrient transport domain. In the third example we
demonstrate the consequences of the various presented nutri-
ent uptake models, including both passive and active nutrient
uptake, with and without compensation. All examples apply
to the same loamy soil, for which the soil hydraulic proper-
ties were taken from Carsel and Parrish (1988). Also, the same
soil water stress response function of Feddes et al. (1978) in
Fig. 3 was used for all examples, with h1 = −10 cm, h2 = −25 cm,
h3,high = −200 cm, h3,low = −800 cm, and h4 = −8000 cm. The true
h3 parameter is interpolated from h3,high and h3,low and Tp (see
Fig. 3), as done in the SWATRE code (e.g., Wesseling et al., 1991).

4.1. Root water uptake in a one-dimensional soil
profile with groundwater table

The first example applies to a one-dimensional 120-cm soil
profile with a 90-cm root depth and the root distribution lin-
early decreasing with depth. The bottom of the soil is bounded
by a ground water table that is in hydrostatic equilibrium with
the soil profile at the start of the simulation (initial condi-
tion). The hypothetical plant is assumed to transpire with a
potential transpiration rate, Tp, of 0.4 cm/day, while the water
stress index ωc is varied with values of 1.0 (corresponding to
uncompensated root water uptake), 0.75 and 0.5, with the lat-
ter two values corresponding with increasing compensated
root water uptake as the index decreases. Since this set of
model simulations does not include precipitation or irrigation,
water required for transpiration will deplete the soil water pro-
U
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file so that the resulting soil water potential (h) gradient will
partially supply the root zone with water, driven by capillary
rise from the shallow groundwater. Simulations were carried
out for a total period of 50 days.

794
of ωc = 0.75 (solid thin lines) and 0.5 (dashed thick lines).

Fig. 6 presents the depth distribution of root water uptake,
s* (day−1) and soil water pressure head, h (cm), along the
soil profile for the uncompensated (ωc = 1.0) and compensated
(ωc = 0.75 or 0.5) root water uptake scenarios, whereas Fig. 7 is
a plot of both actual (cm/d) and cumulative values (cm) of the
potential (Tp) and actual (Ta) transpirations, and water flux at
the groundwater table for the three corresponding scenarios
during the 50-day simulation period. As Figs. 6 and 7 show, the
non-compensated root water uptake starts to decrease around
the 10th day (Fig. 6) as a result of water stress, with the top
20 cm of the soil profile being fully depleted of water (Fig. 7)
after about 20 days of plant transpiration. For the 30–90 cm
soil depth, capillary rise provides for sufficient water supply
towards the rooting zone, thus allowing the lower root domain
to remain unstressed with root water uptake at the normal
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),

unstressed uptake rate. Root water uptake rates after about 795

10 days are always either equal or lower than the root water 796

uptake at the beginning of the simulations. 797
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Fig. 7 – Example 1. The potential transpiration (black), the
actual transpiration (red), and the bottom flux (blue) (top)
and their cumulative values (bottom) for uncompensatedQ4

(solid thick lines) and compensated (ωc = 0.75, solid thin
lines; ωc = 0.5, dashed thick lines) root water uptake
scenarios. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version
o
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For the scenarios that considered compensated root water
ptake, a reduction in the uptake from the upper part of
he profile is initially fully compensated by uptake from the
eeper part of the soil profile. Root water uptake rates grad-
ally increase in deeper parts of the soil profile as the upper
art of the root zone becomes more stressed. The compensa-
ion from larger soil depths is larger for lower values of ωc. As a
esult, the root water uptake distribution in Fig. 6 moves to the
ight as time increases; and increasingly so for the more com-
ensated uptake (ωc = 0.5) scenario. Since compensated root
ater uptake is greater than the uncompensated root water
ptake at the bottom of the root zone, a larger fraction of the
oil profile is water-depleted, thus capillary rise will need to
upply a smaller fraction of the root zone.

As a result of water stress, Fig. 7 shows that actual transpi-
U
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ation (Ta) starts to deviate from Tp already after 10 days for the
ncompensated scenario, whereas compensated root water
ptake continues to be at a potential rate until days 20 and
7 for scenarios with values of ωc = 0.75 and 0.5, respectively.
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During this time period, a reduced uptake from the upper part
of the soil profile is fully compensated for by an increased
uptake from deeper soil profile. Root water uptake remains
significantly higher for the compensated scenarios even when
it is reduced from its potential values at later times. Cumula-
tive actual transpiration during the 50 day period increases
from about 13.7 to 15.0 and 16.7 cm for the uncompensated
and compensated (ωc = 0.75 and 0.5) root water uptake scenar-
ios, respectively. Daily values of Ta at the end of the simulation
period increase from 0.17, to 0.19, and 0.235 cm/day for these
three scenarios, resulting in an increase in cumulative plant
transpiration by almost 40%. Neglecting root water uptake
compensation by plant roots in water-stressed soil conditions
would thus result into significant errors in plant transpiration
and the soil water balance. The presented interactions of root
water uptake and soil moisture and their spatial variations
confirm experimental studies by Green and Clothier (1995) and
Andreu et al. (1997), with the shifting of preferential root water
uptake to the wetter parts of the soil system after irrigation or
the development of water uptake fronts moving downwards as
the soil dries (Doussan et al. (2006). Irrespective of the selected
scenario, near steady-state conditions were attained at the
end of the 50-day simulation period, with actual transpira-
tion fully supplied by the capillary rise from the ground water
table. Similar results were obtained when considering more
realistic diurnal plant transpiration variations similar to nat-
ural conditions (0.24 Tp during night time (6 pm to 6 am) and
2.75Tp sin(2�t/tPeriod − �/2) during the day).

4.2. Root water uptake for an axi-symmetrical
three-dimensional profile with irrigation

In the second example we considered an axi-symmetrical flow
domain for which both depth and radius values are equal to
100 cm. The initial pressure head (t = 0) was −400 cm through-
out the soil profile and the potential transpiration rate was
0.04 cm/h. While water needed for transpiration was supplied
by capillary rise from the shallow water table in the first exam-
ple, water was supplied by irrigation for the example two
scenarios. Irrigation water application was confined to a 50-
cm radius around the center of the simulation domain, at a
constant rate of 0.16 cm/h. Since this irrigated area is 4 times
smaller than the flow domain, the irrigation flux of four times
the value of Tp was exactly equal to the transpiration demand.
Root density was assumed to decrease linearly from its maxi-
mum value to zero at the 50 cm soil depth, but to be constant
in the radial direction. The water stress index ωc was varied
from 1.0 to 0.4, using increments of 0.2.

Fig. 8 presents both actual and cumulative values of the
potential and actual transpiration rates. While only a limited
reduction in transpiration (0.038 cm/h) was attained for the
compensated root water uptake scenario with ωc = 0.4, root
water uptake for the uncompensated scenario was reduced
by exactly one half (0.020 cm/h). For the other scenarios with
ωc values of 0.6 and 0.8, Ta was reduced to 0.29 and 0.24 cm/h,
respectively. With the uncompensated root water uptake sce-
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),

nario being reduced immediately as the initial pressure head 871

was already on the declining part of the water stress response 872

function (Fig. 3), plant water uptake for the compensated root 873

water uptake scenarios started to decrease from potential val- 874
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Fig. 8 – Example 2. The potential (black line) and actual
transpirations for scenarios with the water stress index ωc

equal to 1.0 (pink), 0.8 (blue), 0.6 (green), and 0.4 (red).
Actual values are shown at the top, while cumulative
values at the bottom. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
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ues after 44, 60, and 120 h for scenarios with ωc equal to 0.8,
0.6 and 0.4, respectively.

Fig. 9 shows water content profiles at the end of the
simulation period for scenarios with uncompensated and
compensated root water uptake (ωc = 0.4). Note that the volu-
metric soil water content corresponding with an initial h-value
of −400 is equal to 0.156 cm3 cm−3. The portion of the root zone
that is not irrigated (right side in Fig. 9) is near the wilting point
for both scenarios. Since the water supply rate by irrigation is
identical for both scenarios, whereas the root water uptake is
significantly larger for the compensated scenario, much more
water is present in the soil profile for the uncompensated
root water uptake scenario. As a result, the moisture front for
this scenario reached a depth of 75 cm, while it propagated
only to the 60 cm soil depth for the compensated root water
Please cite this article in press as: Šimůnek, J., Hopmans, J.W., Modeling
doi:10.1016/j.ecolmodel.2008.11.004

uptake scenario. Water also moved further laterally in the sce-
nario with uncompensated root water uptake. Although more
water was taken up from the soil profile with compensated
root water uptake, a larger fraction of the root zone was active
uncompensated (top) and compensated (bottom) (ωc = 0.4)
root water uptake at the end of the simulation period.

in the scenario with uncompensated root water uptake since
more water was available in the larger part of the soil profile.

This example with partial root zone wetting by irrigation
demonstrated that potential plant water demand can be sat-
isfied when compensated root water uptake is considered.
Therefore, spatial root distribution is expected to have a sig-
nificant effect on Ta predictions if uncompensated root water
uptake is considered. Insufficient knowledge of the spatial root
distribution may lead to large errors in actual transpiration
calculations. However, spatial root distribution effects may be
much less important if compensated root water uptake is con-
sidered. The compensated root water uptake thus confirms
with recent findings (e.g., Roose and Fowler, 2004) that root
water uptake is not solely proportional to root density.

4.3. Coupled root water and nutrient uptake in a
one-dimensional soil profile with groundwater table and
no irrigation
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),

The first example with compensated root water uptake is fur- 911

ther expanded in this third example to evaluate the associated 912

impacts on root nutrient uptake, including passive and active 913
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Fig. 10 – Example 3. Depth distribution of nutrient
concentration for nutrient uptake scenarios considering (a)
no nutrient uptake (top) and (b) passive nutrient uptake
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onsiderations. To simplify this analysis, nutrient transport
nd uptake was coupled with the example 1 scenario that con-
idered uncompensated root water uptake only (thick solid
ines in Figs. 6 and 7 with ωc = 1.0). We compared six root
utrient uptake scenarios: (a) no nutrient uptake, (b) only pas-
ive nutrient uptake (i.e., no active uptake), (c) passive and
ncompensated active nutrient uptake, (d) passive and com-
ensated active nutrient uptake, (e) uncompensated active
utrient uptake (i.e., no passive uptake), and (f) compensated
ctive nutrient uptake (i.e., no passive uptake).

Calculations were carried out in relative concentrations.
he initial nutrient concentrations in the soil profile and in

he ground water were both assumed to be equal to one. The
otential nutrient demand, Rp, for scenarios that involved
ctive root nutrient uptake was assumed to be equal to 1
−/cm2 day) as well, whereas its value was set to zero for the
xample scenarios without an active root nutrient uptake. For
cenarios that excluded passive root nutrient uptake, the cmax

as set equal to 0, while its value was set to 10 (larger than any
imulated dissolved soil solution concentration) for scenarios
hat include passive root nutrient uptake. The critical value of
he nutrient stress index, �c, was assumed equal to 0.5 for sce-
arios that allowed compensated active root nutrient uptake.
he Michaelis–Menten constant, Km, was set to 0.1, whereas

he minimum concentration, cmin, was assumed zero.
While Figs. 10 and 11 shows concentration profiles for the

arious root nutrient uptake scenarios, the actual and cumu-
ative nutrient uptake rates as a function of simulation time
re presented in Fig. 12. It is specifically noted that scenarios
ithout any nutrient uptake lead to an increase in nutrient

oncentrations in the root zone (Fig. 10, top), and that scenar-
os that allow active nutrient uptake will lead to a decrease
n soil nutrient concentration (Figs. 11) as time progresses.
issolved soil solution concentrations gradually increase in

he root zone for the scenario that neglects nutrient uptake
Fig. 10, top), as caused by decreased volumetric water content
y root water uptake. Since water content gradually decreases
hile the amount of dissolved ions in the root zone remains

onstant, the resulting soil solution concentrations will grad-
ally increase. Concentrations increase initially fastest close
o the soil surface, because the root water uptake is highest
n this region. Concentrations in this zone tend to not further
ncrease, after the soil water content is depleted, thus limiting
oot water uptake by soil water stress. However, as root water
ptake continues from deeper soil regions, concentrations will
ontinue to increase there. The increase in nutrient concentra-
ions might eventually affect the soil’s osmotic potential and
hus cause salinity stress, in addition, thereby further reducing
oot water uptake.

As expected, there will be no change in soil nutrient con-
entrations when nutrient uptake is only passive (Fig. 10,
ottom), since there are no mechanisms in place that would
ause concentration gradients in the soil profile to develop,
hus eliminating diffusion/dispersion to occur. Since the cmax

alue was set to be above soil solution concentrations, water
emoved from the root zone by root uptake takes along all
U
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issolved ions, while water left behind in the root zone will
emain at constant concentrations. Yet, the total soil nutrient

ass will decrease, because of the passive nutrient uptake and
eduction in water contents.
only (bottom).

Soil solution nutrient concentrations will gradually
decrease throughout the soil profile for those scenarios with
active nutrient uptake (Fig. 11), leading to early nutrient
depletion in the near soil surface regions of the profile. This
depletion is faster for scenarios with compensated root nutri-
ent uptake. We note that there is only a small difference in
the depth distribution of nutrient concentration for scenarios
that consider (both uncompensated and compensated) active
nutrient uptake, irrespective of whether passive nutrient
uptake is allowed.

It is important to realize that the absence of nutrient uptake
will result in an increase in soil solution concentration as a
consequence of root water uptake. No concentration changes
were computed for those scenarios where nutrient uptake is
solely by passive nutrient uptake, whereas all scenarios that
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),

involved active nutrient uptake led to a significant decrease in 989

soil solution nutrient concentration. 990

Fig. 12 presents the actual and cumulative total plant 991

nutrient uptakes for scenarios where nutrient uptake was 992
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Fig. 11 – Example 3. Depth distribution of nutrient
concentration for nutrient uptake scenarios considering
either uncompensated (top) or compensated (bottom) active
nutrient uptake with (solid line) or without (dashed line)
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Fig. 12 – Example 3. The actual (top) and cumulative
(bottom) nutrient uptakes for scenarios considering (a) only
passive nutrient uptake (black line), (b) passive and
uncompensated active nutrient uptake (red lines), (c)
passive and compensated active nutrient uptake (blue
lines), (d) uncompensated active nutrient uptake (green
line), and (e) compensated active nutrient uptake (brown
line). Thin and dashed lines represent active and passive
nutrient uptake components, respectively. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of the

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021
U
N

C
O

R
R

Epassive nutrient uptake.

considered. For scenarios where active and passive nutrient
uptakes were simultaneously considered, Fig. 12 addition-
ally also shows both active and passive components of the
nutrient uptake. When only the passive nutrient uptake is
considered, total nutrient uptake is directly proportional to
root water uptake as the dissolved soil solution concentrations
remain constant. When both active and passive root nutri-
ent uptakes are considered, the total uptake is significantly
larger than when only the passive component is allowed.
The total root nutrient uptake is initially equal to the poten-
tial nutrient demand, if nutrient uptake from regions with
sufficient nutrients present can compensate for uptake from
nutrient-depleted soil depths. The passive nutrient uptake is
Please cite this article in press as: Šimůnek, J., Hopmans, J.W., Modeling
doi:10.1016/j.ecolmodel.2008.11.004

significantly smaller when also active uptake is considered,
since active uptake leads to lowering of dissolved concentra-
tions that are involved in the passive uptake. The total nutrient
uptake is relatively similar for scenarios that consider the
article.)

active uptake, irrespectively if the passive uptake is active or
not. When the passive nutrient uptake is neglected, the active
uptake correspondingly increases, resulting to similar results.
As groundwater is the only source of water and nutrients, the
root nutrient uptake eventually decreases with time, similarly
as the root water uptake. Additional irrigation and fertigation
would be needed to sustain water and nutrient uptake at its
potential values.

The presented modeling results conform to many exper-
imental nutrient uptake that show compensation and
enhanced nitrate uptake responses by differential nitrate sup-
ply (Robinson, 1994, 1996). Moreover, enhanced local nutrient
ECOMOD 5327 1–17
compensated root water and nutrient uptake. Ecol. Model. (2008),

uptake to meet total plant nutrient demand supports the 1022

notion that local root uptake rate is not only dependent on the 1023

local environment, but also on the environmental conditions 1024

of the whole root system (Dunbabin et al., 2002).
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. Summary and conclusions

compensated root water and nutrient uptake model is pre-
ented that is highly flexible. It can accommodate various root
patial distribution functions, including their temporal varia-
ions due to root growth. The water uptake model can be used
or any stress response function accounting for the reduction
f the potential root water uptake due to the soil water pres-
ure and osmotic potential stresses.

The root nutrient uptake model considers either active
r passive nutrient uptake or both, is similarly flexible. Few
odel parameters will allow for a large number of modeling

ptions. The model allows for the absence of nutrient uptake,
nly passive or active nutrient uptake (each uncompensated
r compensated), and any combinations of uncompensated or
ompensated passive nutrient uptake with either uncompen-
ated or compensated active nutrient uptake (Fig. 1). While
he cmax parameter activates the passive root nutrient uptake,
he potential nutrient demand Rp initiates the active nutrient
ptake. Finally, critical values of the water stress index ωc and
he nutrient stress index �c activate compensation for root
ater uptake and nutrient uptake, respectively.

Presented examples demonstrated several important char-
cteristics of the compensated root water and nutrient uptake
odel. Flexibility in modeling compensation of water and

utrient uptake, as presented here, generally reduces plant
tress and allows the plant to meet potential transpiration
nd nutrient demands, irrespective of local soil water and
utrient stresses. Neglecting the possibility of compensation
ay cause significant errors in the water and nutrient bal-

nces, thus affecting biomass production and predicted crop
ields.

Root water uptake is closely related to the spatial root
istribution function when uncompensated water uptake

s considered. However, a much weaker correspondence
etween the spatial root distribution and root water uptake
xists for compensated water uptake. Therefore, spatial root
istribution has a significant effect on the prediction of actual
lant transpiration when uncompensated root water uptake

s considered. The effect of the spatial root distribution is
uch less significant when compensated root water uptake

s allowed. We conclude that a priori knowledge of the spa-
ial root distribution in the soil profile is important when root
ater uptake is considered to be uncompensated.

Widely different dynamics of nutrient concentrations in
he soil profile were simulated when a wide range of root nutri-
nt uptake models were applied. While the scenario without
utrient uptake led to the increase in solution concentrations,
he scenario with only passive nutrient uptake maintained
onstant soil solution concentrations, whereas all scenarios
hat involved active nutrient uptake led to nutrient concen-
ration reductions.

Only small differences in the depth distribution of nutrient
oncentrations were determined for scenarios that consid-
red active nutrient uptake, irrespective of whether passive
U
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utrient uptake was involved. This result indicates that soil
utrient concentration measurements are unlikely to provide
vidence about the relative importance of active and passive
utrient uptakes.
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