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Effect of Root Water and
Solute Uptake on Apparent Soil
Dispersivity: A Simulation Study

Plants take up water from the root zone and thus affect the three-dimensional water flow
field and solute transport processes in the soil. In this study, the impacts of root archi-
tecture, plant solute uptake mechanisms (passive, active, and solute exclusion), and plant
transpiration rate on the water flow field in the soil and on solute spreading were simulated.
Therefore, a fully mechanistic model was used to simulate water flow along water potential
gradients in the root—soil continuum by coupling a three-dimensional Richards equation
in the soil with a flow equation in the root xylem vessels. Solute transport was simulated
using a three-dimensional random walk particle tracking algorithm. To quantify the effect
of root water and nutrient uptake on solute transport, an equivalent one-dimensional flow
and transport model was fitted to horizontally averaged simulation results, and the fit-
ted apparent parameters were compared with the parameters of the three-dimensional
model. Our simulation results showed that the apparent dispersivity length is affected by
the heterogeneous flow field, caused by root water uptake, and changed in a range of 50%,
depending on solute redistribution in the root zone that depends on solute uptake type
and soil dispersivity length. In addition, simulation results indicate that local concentration
gradients within the root zone have an impact on apparent solute uptake rate parameters
used in one-dimensional models to calculate uptake rates from spatially averaged con-
centrations. This shows the importance of small scale three-dimensional water and solute
fluxes induced by root water and nutrient uptake.

Abbreviations: BTC, breakthrough curve; CDE, convection—dispersion equation; FE, finite element; PAR-
TRACE, three-dimensional solute transport model in soil; RLD, root length density; R-SWMS, three-dimen-
sional water flow model in soil and roots; RWPT, random walk particle tracking.

Understanding the effect of root water uptake on soil water flow and solute
transport processes in the rhizosphere is fundamental for various agricultural problems,
such as managing water and salt balances of irrigated fields and limiting leaching of pesti-
cides (Green et al., 2006). The presence of plants affects solute fate not only because of the
solute uptake itself (solute sink), but also because the plants affect the water velocity field
by extracting water (water sink). Water uptake by plant roots decreases the water content
in vegetated soil layers and disturbs the water velocity. For this reason, the vertical velocity
and thus the transport velocity increase with depth, and the variability of the vertical and
horizontal components of the velocity field changes, thus resulting in solute dispersion.

How plant water uptake influences solute spreading is still a subject of ongoing debate.
An apparent increasing dispersivity due to plant roots in soil was described by Vogeler
etal. (2001). In contrast, a decreasing dispersivity was reported by Gish and Jury (1983),
who compared leaching experiments in cropped fields with a one-dimensional solute
transport model. A similar effect was reported by Russo et al. (1998), who presented a
numerical study for three-dimensional field-scale nutrient transport in heterogeneous,
partially saturated soil and investigated transport of tracer and reactive solute. They
detected a decreasing longitudinal nutrient spreading and a “skewing of the solute break-
through.” In their simulation study, they used a water sink term that is proportional to
the soil conductivity times a root effectiveness function, which was assumed to be related

to the root length density.

In soils with heterogeneous water distributions and when root hydraulic conductivities
are low compared with the soil hydraulic conductivity, root water uptake is not propor-
tional to the root length density (Javaux et al., 2008). Under such conditions, it is unclear
how to determine the root water uptake distribution. This implies that numerical simu-

lation studies that investigated the effect of root water uptake on transport processes in




heterogencous soils in fact have relied on unverified assumptions.
Another limitation of simulation studies that have been performed
so far is that smooth root uptake functions were used. As a con-
sequence, flow heterogeneity that is induced by flow to individual
roots (i.c., when the root length density function becomes a binary
function) could not be considered. Finally, when considering the
effect of root activity on solute transport, plant uptake of solutes
needs to be considered as well. Whether or not solutes are taken up
by plants and to what extent will have an impact on the distribu-
tion of the solute mass in the heterogencous flow field, which can
have important consequences for transport processes in heteroge-
neous flow fields (Vanderborght et al., 1998; Vanderborght et al.,
2006), and therefore on the transport process.

Studies based on numerical simulation have been used to assess
the impact of various factors on solute fate, for example, soil
heterogeneity (Hammel et al., 1999; Javaux et al., 2006; Russo
et al., 2006) and solute chemical properties (Yang et al., 1996;
Russo et al., 2004). Although a numerical study cannot replace
real experimental data, it may be used to obtain insight on how
different processes have an influence on transport. In numerical
simulations, certain processes can be turned on or off; so that their
impact can be highlighted. Numerical simulations are therefore
useful to unravel sensitivities to certain processes, which may be
difficult to obtain from real experiments. The advantage of one-
dimensional models is their short calculation time. For large data-
sets and inverse simulation of measured data, they can be applied
and run much faster than two- or three-dimensional models. But,
neglected transport processes in the other spatial dimensions need
to lumped in parameters of the one-dimensional models. However,
today, other numerical models exist that explicitly account for the
three-dimensional distribution of water and solute uptake at the
centimeter scale, within the root zone of a single plant (including
roots from adjacent plants). In contrast to one-dimensional models,
three-dimensional models at plant scale (Javaux et al., 2008) have
to deal with larger numbers of root and soil input parameters, but
they rely on fewer assumptions about the spatial distribution of
root and nutrient uptake (Draye et al., 2010).

In this study, we present numerical solute transport experiments
and investigate how water and solute uptake by the plant affects
the apparent dispersivity length, which is a parameter of a one-
dimensional transport model that lumps the effect of the locally
three-dimensional and variable transport process on solute spread-
ing in the mean flow direction. Therefore, we used a model that
explicitly couples water flow and nutrient uptake in a three-dimen-
sional root structure with a three-dimensional model for water and
solute transport in soil. In this model, water flow in the soil-root
system is described in a fully mechanistic manner, thereby avoid-
ing empirical relationships between root density, local soil water
potential, and root water uptake that are typically used to repre-

sent root water uptake in soil water flow models. A validation of

this approach to simulate water uptake was given by Doussan et
al. 2006).

We start our simulations with very simplified setups. Single param-
eters like solute uptake type or the transpiration rate are modified.
Afterward, parameters and initial and boundary conditions are
adapted to describe more realistic conditions. The effect of water and
nutrient uptake on the apparent dispersivity length are analyzed by
fitting an effective one-dimensional transport model to horizontally
averaged three-dimensional simulation results. Besides the influence
of root water and nutrient uptake on the apparent dispersivity length,
we also point out the importance of small-scale (approximately 1-cm
resolution) flow and transport processes and small-scale variations
in solute concentration in the effective parameterization of solute

uptake in one-dimensional models.

Theory
Three-Dimensional Water Flow Model in Soil
and Roots: R-SWMS
The three-dimensional water flow model in soil and roots, the
R-SWMS model (Javaux et al., 2008; Schroder et al., 2008), cou-
ples a three-dimensional soil water flow model with a root water
model. In the soil, the water flow is described by the Richards
(1931) equation:
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E:V[K(h)V(h+z)]—S(x,y,z,t) [1]
where 0 (cm? cm™3) is the volumetric water content, # (d) is time, K
(cm d71) is the hydraulic conductivity tensor, 4 (cm) is the matric
head, S (d~1) is a sink term representing the root water uptake, and

z is the vertical coordinate (cm).

The soil flow equation is solved with a finite element (FE) Galerkin
scheme (Simdnek et al., 1995).

The water flow in the root network is simulated by the model of
Doussan et al. (2006), where the flow within the root xylem and
between the soil-root interface and root xylem is solved by dis-
cretizing the root system as a network of connected root nodes.
The radial soil-root water flow /. (cm3 d71) and the axial xylem
flow J_ (cm?d~1) in a root segment are defined by
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with the radial root conductivity K * (d71), the root outer sur-
2 .. " 1

face A_ (cm®), the xylem conductivity K * (cm d™'), the xylem

cross-sectional area 4 (cm?), the vertical coordinate z (cm), the

root segment length / (cm), and the water pressure head at the

soil-root interface b, (cm) and in the xylem hxyl e (cm). At the

soil-root interface, the water pressure head 4, is computed by a
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distance-based average of the water pressure head in the surround-
ing eight soil nodes:

_ Zilhi(l/disz,.)

S (1/dist,)

where dist is the distance from the root node to a soil node. Soil

(3]

int

and root water flow are coupled via the sink term S in the Richards
equation (Eq. [1]). For a soil voxel j the sink term is defined as

%
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(4]

where the radial fluxes of the root segments £, located in a soil
voxel £, are summed up. Here, V] is the voxel volume, and 7 4 1 the

number of root segments within voxel ;.

Based on the initial soil water pressure head b, , the root water
model is solved. The resulting solution is used to calculate the water
sink term for each soil voxel (Eq. [4]) for the Richards equation
(Eq. [1]). The Richards equation and the root water flow model of

Doussan are solved iteratively until a threshold error is reached.

Three-Dimensional Solute Transport Model
in Soil: PARTRACE
After calculating the water flow in soil and root, the three-dimen-

sional convection-dispersion equation (CDE)

%:V(GD‘VC)—V(GMC)—S/[ (5]

is solved, where ¢ (jumol cm™3) is the solute concentration, D [cm?

d™1] is the dispersion coefficient tensor, # (cm d 1) is the pore water
velocity (which is given by the solution of the Richards equation),
and S7 [d71] is the solute sink term. The dispersion coefficient
tensor for a three-dimensional isotropic porous medium (Bear,

1972) is given with

uit;
e

where D (em?2 d71) is the molecular diffusion coefficient in

free water, T is a tortuosity factor, §;; is the Kronecker delta
function, \; and X\ [em] are the longitudinal and transverse

dispersivities, respectively.

For the simulation of solute transport, the random walk particle
tracking (RWPT) model PARTRACE (Bechtold et al., 2011) was
used. In the RWPT algorithm, the CDE is defined as an equiva-
lent stochastic differential equation (Tompson and Gelhar, 1990).
This equation contains the velocity field obtained by the Richards
equation and a random displacement for dispersion and is used

to move a large number of solute particles, representing the solute

mass, through the soil. Like every particle tracking method, PAR-
TRACE is mass conservative by definition and is supposed to handle
high concentration gradients, for example, at evaporation surfaces
(Bechtold et al., 2011) and at root surfaces, when solutes are excluded
by the plant or actively taken up, better then a FE method.

Solute Sink Terms
For the root solute uptake term the definition of Hopmans and
Bristow (2002) is adopted, where the nutrient uptake is summed

up for every voxel of the soil grid and given in the sink term:
§'=eS+(1—¢e)d (7]

where € € [0,1] is a partitioning coefficient. The first term on the
right-hand side represents the passive solute uptake with water and
contains the water sink term § from the Richards equation (Eq.
[1]). In the second term, the active solute uptake by the roots is
defined by a Michaclis—Menten kinetic and a linear component

A:[I:LLJF f]Rd (8]

m

where V.

max
of soil-root interface, K (jumol cm™3) the Michaelis—Menten
2

(nmol cm™* d~1) is the maximum uptake rate per area
constant, Ry (cm cm~3) the root surface density, and f'the first-
order rate coefficient (cm d71). R 4 is computed as follows:

Ry(x,32)=T0'(x,9.2) ]

and is constant in time because root growth was not simulated.
Here, 7, (cm?) is the total root surface at the current time, and
the function o/ describes the distribution of root surfaces within
the spatial domain . The distribution ¢ is calculated in a voxel
from the root surface of the root segments in the voxel around

(x9,2) 0(x,9,2) (cm?) as:

oo Olwrz) [10]

fQG(x,y, z)dQ

By representing the root water uptake and solute uptake by sink
terms in the soil water and solute transport models, the geometry,
orientation, and location of a root segment in a soil voxel is not
explicitly considered in the soil water and solute transport models.
As a consequence, water pressure head and solute concentration
variations toward root segments within the voxel are not resolved.
Schréder et al. (2009) showed that this approach is valid for the
water sink term and the pressure head distribution predictions as
long as the voxel size is small enough (<1 cm). The effect of approxi-
mating the solute concentration at the soil root interface by the
average concentration in the soil voxel will be evaluated using

simulations with different voxel sizes.



Materials and Methods
Virtual Experiments
Virtual three-dimensional solute transport experiments under
steady state flow conditions were generated with R-SWMS (for
water velocity field) and PARTRACE (for solute transport) under
different conditions.

Soil Domain

For all scenarios a 24- by 24- by 60-cm soil column with lateral
periodic boundary conditions was defined. With a discretization
of 1 cm, the simulations where run with 38,125 soil nodes and
34,560 soil elements. The Mualem—van Genuchten expression
(van Genuchten, 1980) were used to describe the 6 () and K(b)

relations. We used parameters representing hydraulic properties

for loam (Table 1).

As top soil boundary condition for the water flow calculation, an
infilcration rate of /| = =1 cm d™! was chosen, and the bottom
boundary was defined as free drainage. For the solute transport,
a uniform solute step of ¢, = 1072 pmol cm ™ was applied for the
solute flux concentration (Table 2). The diffusion coefficient was
definedas D =1 cm? d~1. The Michaelis—Menten parameters
were selected from Roose and Kirk (2009) for nitrate uptake: V.
= 0.044 pmol cm™2d~!, and K, =0.05 pmol cm™3, Soil param-
eters for solute transport are shown in Table 3.The simulation time
was 45 d and started at Day 45, which was the age of the simulated
plants.

For our scenario definitions, three different types of solute uptake
by the plant were specified: full passive solute uptake, full active
solute uptake, and solute exclusion (no solute uptake) (Table 4).

By passive uptake, solute particles enter the plant only with water,
by active uptake only by the Michaelis—Menten kinetic, and by
solute exclusion, no solute is taken up.

Plant Root Architecture

Two different plant root architectures were defined: fibrous and
taprooted root systems (Fig. 1), with both plants being 45 d old.
The root structures were created with Root Typ (Pages et al., 2004)
based on Italian ryegrass (Lolium multiflorum Lam.) and curled
dock (Rumex crispus L.) architectural parameters. During the
architecture generation, no spatial boundaries were defined for
the root growth. If a root branch leaves the soil domain in the
x or y direction, this root branch enters the soil domain again at
the opposite site. This definition of a continuous root domain fits
with the periodic boundary conditions of the soil domain. Thus,
not only a lonely plant in a pot was simulated, but also the root
branches from neighboring plants.

The fibrous and the taprooted system have an almost identically total
root length of 3.1979 x 10% cm and 3.1976 x 10 cm, respectively.

Table 1. Parameters of hydraulic soil functions 0(5) and K(b) for the
Mualem- Genuchten expression (loam, Vanderborght et al., 2005):
residual and saturated volumetric water content, Gr and van 95,
respectively; van Genuchten—Mualem shape parameters, o and 7; pore
connectivity parameter /; saturated hydraulic conductivity K

0, 0, o n / K,
0.08 0.43 0.04 cm 1.6 0.5 S0cmd!

Table 2. Top and bottom soil boundary condition for water and sol-
ute simulations.

Top boundary

condition, water

Top boundary

condition, solute

Bottom boundary
condition

—lcmd™! 102 pmol cm=3 free drainage

Table 3. Soil parameters for solute transport: longitudinal dispersivity
length X[, transversal dispersivity length \.p, molecular diffusion coef-
ficient in free water Dy, tortuosity T.

AL A Dy, T

1.0 cm 0.1%; cm 1.0cm?d! 03/7/p 2

Table 4. Solute uptake types: passive and active solute uptake and sol-
ute exclusion.

Passive solute uptake Active solute uptake Solute exclusion

§¥=§ §'=4 §'=0

horizontal distance [cm]
-10 5 0 5 10 -10 5 0 5 10 o

[

[wo] yidap ©

-3

1=

-40

(a) Fibrous System

(b) Taprooted System

Fig. 1. Three-dimensional root architectures of (a) fibrous and (b)
taprooted plants. Both were generated with Root Typ (Pages et al.,
2004); the root diameters shown are not to scale.

The total root surface is 1.211x 103 cm? (fibrous) and 0.705 x 103
cm? (taprooted). Hence, the root length densities (RLD) of both
structures are very similar (Fig. 2), but the root surface density is

different, which is caused by the different root diameters of the roots



depth [cm]

0 1 2 0 02 04 06
RLD [cm/cm?] RSD [cm?/em®]

Fig. 2. Root length density (RLD) and root surface density (RSD) for
the fibrous (continuous) and the taprooted (dashed) system.

of the two different plants. The root diameters are also given by Root
Typ and vary between 0.014 and 1.082 c¢m for the taprooted and
between 0.049 and 0.15 cm for the fibrous plant. The rhizosphere
was not explicitly modeled because soil voxels around the roots were
not described with different soil parameters.

For both plants, hydraulic characteristics were assumed to be con-
stant in time and partly adapted from Doussan et al. (2006) (Table
5). Root properties were adapted following the branching order. A
high axial root conductance of K, = K *4_=4.32 cm? d~! was set
for all branching orders, so the water uptake could be expected to be
similar to the root length density. Radial root conductivity was set
toL*=0.0648 x 1073 d~! for first branching order, L * = 0.181 x
1073 d1 for second and third branching order.

Scenario Definitions

To investigate the effects of plants on solute transport in soil, four
scenarios with different levels of complexity in the boundary con-
ditions were used. They allow analysis of the impact of the solute
uptake type, the transpiration rate, the soil dispersivity length X\,
the transient flow conditions, and the plant root architecture on

the apparent dispersivity length X app’

Scenario 1: Impact of Solute Uptake Types
A constant transpiration rate with oo (0.5 cm d71), equal to one-
half of the constant irrigation rate, was chosen. Infiltration and

transpiration were simulated for a specified time period until a

Table 5. Plant hydraulic parameters, partly adapted from Doussan ct al.
(2006): radial root conductivity K * xylem conductance.

First order Second order Third order
K5 d! 0.0648 x 103 0.181 x 1073 0.181 x 1073
K,em3dl 432 4.32 4.32

water flow steady-state condition was reached. Then, a uniform
solute step was applied to the upper soil surface. This scenario was

run for all three solute uptake types (Table 4).

Scenario 2: Impact of Transpiration Rate

In this scenario, various transpiration rates T'1 or = 025 cm d-
szot =05cmd}, and T3pot =0.667 cm d~! were considered for
passive uptake and solute exclusion.

Scenario 3: Impact of Soil Dispersivity Length

In this third scenario, the impact of soil dispersivity length was
investigated by changing Xap t0 0.5, 1.0, and 2.0 cm. Water flow
conditions where defined equal to Scenario 1, and a passive nutri-
ent sink term and solute exclusion were considered.

Scenario 4: Impact of Transient Flow

The impact of transient water flow was tested for solute exclusion
(no solute uptake by roots). Time-averaged transpiration rate Tpot
was defined as one-half the constant irrigation, as in Scenario 1, but
with a diurnal cycle for root water uptake. For the diurnal cycle, a
jump function was chosen (Fig. 3). This jump function has maxima
at£=0.5, 1.5, ... d (corresponding to midday) and zero between
t =x.25 d and x.75 d (at night). During the day the horizontally
averaged water flux may be upward close to the soil surface around
noon, but the time average flux over the entire day remains negative
and downward. By comparing the results with those of Scenario 1,
the impact of transient flow could be analyzed.

Scenario Analysis

The workflow of the scenario simulations and scenario analysis are

schematized in Fig. 4. To derive >\app, which characterizes solute

spreading in an effective one-dimensional transport model, break-
through curves (BTC) of horizontally averaged resident concentra-
tions were calculated at different depths (z = —10, =20, =40 cm).
The averaged concentrations at a certain depth were calculated as:
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Fig. 3. Jump function for day-night transpiration flow (dashed) and
irrigation flow (continuous line).




where N is the number of soil grid voxels at a

given plane and ¢;, 0, and vol ; are the voxel resi-

RootTyp (Pages)
Root structure

dent concentration, the voxel water content, and

l

the voxel volume, respectively. Depth profiles

R-SWMS ﬂ : ;
. . l-root interf: t
of horizontally averaged water sink term, water hcerits soil-root interface Pyix..2.t) l
W
content, water flux, and pressure head were cal- (Richards equation) I 1
culated from the R-SWMS output. The depth in soil | Plant water flow (Doussan et al.) ‘
profile of the averaged three-dimensional sink
. . . s average per depth
term was used as one-dimensional sink term 3D velocity field pressure head
. . (water sink terms) / and sink terms
profile, and the averaged one-dimensional pres-
sure head was defined as initial pressure head in —
. . . e PARTRACE -
the HYDRUS-1D simulations (Simdnek et al., N d?:;arrs?ctty
C. . Solute transport (CDE) in soil Inverse Solute
2008). These initial pressure heads remained ki I Lchin i length
unchanged for steady boundary conditions,
K . average per
which shows that the average water profiles depth BTC
from three-dimensional and the water profiles
from one-dimensional were equal. The diffu-
. . . . Fig. 4. Workflow of virtual solute transport experiments and their scenario analysis.
sion coeflicient was imposed similarly to the
three-dimensional simulations (D, = 1 cm?
d~1). For active solute uptake, the same Michae- =
(] x

lis—-Menten constant (K = 0.05 pumol cm™3)
was used in HYDRUS-1D, the maximal uptake
rate V. had to be adapted (see “Results: Solute
Transport” below). Only the apparent dispersiv-
ity length was derived from ficting HYDRUS-
1D to the breakthrough curves of horizontally

depth [cm]
5

averaged PARTRACE simulated solute con- —=—Fibrous, T, =0.5¢cmd”'
centrations. In addition, the same grid size (1 =40 - “T.ap“"’t’ L d:
cm) was used for the effective one-dimensional +:Ibmus' Tr""' 3 0'25 o d_1
transport model. The effect of the grid size on =50 e e :_-F:::;t:t:.rm': Z_.G::;nmdd,‘
Xapp and solute uptake was tested by chang- : : : : ‘ oy~ TG, T:I=D.667cm e
ing the grid resolution to a finer (0.5 cm) and 60— 08 06 04 020 005 01 015 020 0.05 0.1
a coarser (1.5 cm) grid (not shown). The fitted vertical flux [cm d™"] CVvz [] vertical water sink[d™']

dispersivity length X were in the same range
for the finer grid (maximal difference: 0.088
cm). Therefore, simulations with 1-cm resolu-
tion were used in the comparison.

Fig. 5. Average flux profile, coefficient of variation of the vertical velocity component (CVvz),
and average water sink profiles for three different transpiration rates: T1pot = 0.25 cm d-1
T2pot = 0.5 cm d~1, and T3pot = 0.6667 cm d~! for the fibrous (blue) and the taprooted
(red) plant; water flux at the top: /= =1 cm d-1L

Results: Steady-State Water Flow

Vertical profiles of the flux (averaged per depth), the coefficient of
variation of the vertical velocity component and the vertical water
sink term are compared for the different transpiration scenarios
and both root architectures in Fig. 5. For a given root architecture,
the flux, water sink and coefficient of variation of the pore water
velocity profiles have similar shapes for the different transpiration
rates. Only small differences in flux, sink term, and coefficient of
variation of the pore water velocity between the fibrous and the
taprooted plant were seen at the upper 30 cm of the soil column.
Below the 30-cm soil depth, the profiles of both plants were similar
due to the absence of roots in these soil layers. With higher transpi-
ration rate, coefficient of variation of the pore water velocity and
sink term increased, while the vertical velocity decreased. Since the

dispersivity length is affected by the velocity spatial distribution

and correlated to squared coeflicient of variation of the vertical
velocity, the highest apparent dispersivity length could be expected
for the highest transpiration rate.

The three-dimensional distributions of the water content (Fig.
6a, 6b, 6¢, 6d), the water sink term (Fig. 6f, 6 g, 6h, 6i), and the
horizontal and vertical flux (Fig. 7) differed significantly between
both root architectures. Note ,however, that the variability of
the simulated water content was small (around 1%) when com-
pared with the variability in water content observed in field soils
(up to 10%, Vereecken et al., 2007). This might lead to different
solute breakthrough curves for both plants, even if the average
one-dimensional water content, the average water sink term

and the vertical flux profiles were very similar for the taprooted



and for the fibrous root structure. In addition, the
lateral fluxes to the roots (Fig. 7) cannot be repre-
sented with a one-dimensional model. Thus, the
one-dimensional and the three-dimensional water
flow and solute transport simulations may result in
different predictions solute transport.

Results: Solute Transport

Scenario 1: Impact of Solute Uptake Type
The simulated BTCs for the solute uptake scenarios
are given in Fig. 8. Each subfigure corresponds to
one of the three different types of solute sink terms.
The BTC is plotted at three depths (z = —10, —20,
or —40 cm) for the fibrous plant (blue) and the tap-
rooted plant (red). First it is observed that equilib-
rium concentration level changes with solute uptake
type and depth. In case of nutrient exclusion (Fig. 8a),
when one-half of the water is taken up by the plant,
an increase of solute concentration in the pore water
is obtained, which is twice the initial concentration
below the root zone. The level of the equilibrium
concentration reached in the effluent will therefore
reflect the depth-integrated proportion of water that
is extracted by the plant. In the case of passive uptake
(Fig. 8b), the laterally averaged relative solute concen-
tration should always be one since solute is taken up
proportionally to the extracted water rate. In the case
of active uptake (Fig. 8¢), when solute is extracted at
a larger rate than the corresponding passive nutrient
uptake with the water, relative soil solute concentra-
tion should be lower than one. In addition, the solute
concentration level decreased with depth for both
plants. These results are consistent with the result
obtained by SimGnek and Hopmans (2009), where
the root zone solute concentration decreased with
active solute uptake, increased with solute exclusion,
and did not change when nutrient uptake was passive.

The large difference between the two root architec-
tures was only slightly reflected in the slope of the
BTCs with passive nutrient uptake and solute exclu-
sion, but the equilibrated solute amount differed
between the two different root types for the exclu-
sion scenario. In particular in the upper layer, the
fibrous system approached a lower averaged concen-
tration level than the taprooted system when solute
was excluded. Since the equilibrium concentration
in the effluent is related to root water uptake from
the soil layer between the surface and the depth
where solute breakthrough is observed, this shows
that in the upper soil (from 0 to —10 cm), the two
types of plants extracted different amounts of water.

Figure 9 shows the spatial distribution of the solute
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Fig. 6. Two-dimensional x—y planes of the (a, b, ¢, d) water content and (£, h, g, i) water
sink term distribution for the (a, b, f, g) fibrous plant at (a,b, f;g) 2= 0 cm and z = —10
cm and (c, d, h, i) taprooted plant at (c,d, h,i) z = 0 cm and z = —10 cm; averaged (per
depth) (¢) water content profile and (j) water sink term profile.
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Fig. 8. Three-dimensionally simulated breakthrough curves at z = —10,—20, and —40 cm of the soil column with root water uptake by a fibrous and

a ta};rooted plant structure; water flux at the top: J = -
107* pmol cm

=—1cm d™), transpiration rate 7| = 0.5 cm d~1; solute boundary condition at the top: ¢, =
3. The scenario was run with three different solute uptake types: solute exclusion and passive and active solute uptake.

concentration in the root zone at =15 cm depth, indicating an
increase of solute concentration close to the root surface. While
the local concentration increased mainly around the biggest root
of the taprooted plant, solute accumulated more uniformly when
the fibrous plant was considered, due to more uniform root dis-

tribution and water uptake.

In contrast to the passive solute uptake, more solute was removed
from the soil column with active solute uptake. In this scenario a
big difference can be seen between the fibrous and the taprooted
plant. The breakthrough curves with the fibrous root system
reached alower equilibrium concentration level than the taprooted
system. This is due to a high total root surface of the fibrous plant,

leading to a higher nutrient uptake.

The apparent dispersivity lengths obtained by HYDRUS-1D
are shown in Fig. 10 for three different solute uptake types. The
standard error for all fitted, apparent dispersivity length X app A1
shown in Tables 6 through 11.

2.01.2 2.0

1.8

1.4

Fig. 9. Two-dimensional x—y planes of the local concentration (solute
exclusion), scaled to the initial concentration, at 2 = —15 cm for the
(left) fibrous and (right) taprooted plant; the circles represent the
plant roots.

Fitting the BTCs with the active solute uptake using the same

values of the Michaclis—Menten parameter from the three-dimen-
sional simulation in the one-dimensional model was not possible.
When using the same values of the Michaclis—Menten parameter
in one-dimensional and three-dimensional models, different con-
centration plateaus were simulated for active solute uptake (Fig. 11).
This effect occurs because the three-dimensional model takes the
local concentration at the soil root surface for the nutrient uptake
into account. Since the active uptake in this scenario was larger
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Fig. 10. Difference of apparent dispersivity length )\app minus soil

dispersivity length X\; for different solute uptake types at three soil
depths (z = —10, —20, —40 cm); fibrous system (continuous) and
taprooted system (dashed).




Table 6. Apparent dispersivity length >\app fitted with HYDRUS-1D under steady-state conditions for solute exclusion, active and passive solute
uptake, with transpiration rate in centimeters per day and the fibrous root system.

Exclusion Passive Active
z=-10cm 1.033 + 0.002, R* = 0.99681 1.374 + 0.002, RZ = 0.99736 0.920 + 0.002, R? = 0.99005
z=-20cm 1.283 £ 0.001, RZ = 0.99902 1.147 + 0.048, R* = 0.99836 0.559 + 0.014, R2 = 0.99278
z=—40cm 1.449 + 0.001, RZ = 0.99885 1.084 + 0.000, R% = 0.99934 0.853 + 0.001, R? = 0.99700

Table 7. Apparent dispersivity length X | ﬁttcd with HYDRUS-1D under steady-state conditions for solute exclusion, active and passive solute uptake,
with transpiration rate in centimeters pcr day and the taprooted root system.

Exclusion Passive Active
z=-10cm 1.456 + 0.001, R? = 0.99817 1.219 + 0.001, R? = 0.99730 1.207 +0.002, RZ = 0.99552
z=-20cm 1.333 + 0.001, R2 = 0.99892 1.058 + 0.000, RZ = 0.99863 0.982 +0.001, R = 0.99742
z=—40cm 1.325 + 0.001, R? = 0.99924 1.024 + 0.000, R% = 0.99934 0.628 +0.001, R = 0.99892

Table 8. Apparent dispersivity length X o for the fibrous plant, fitted with HYDRUS-1D under steady-state conditions, with solute exclusion with
three transpiration rates, and the fibrous root system..

Ii)ot =0.25cmd™! %ot =05cmd™! Pot =0.667 cmd!
z=-10cm 1.090 + 0.001, R? = 0.99865 1.033 £ 0.002, R = 0.99681 1.195 + 0.002, R? = 0.99673
—20 cm 1191  0.001, R? = 0.99937 1.283 +0.001, R? = 0.99902 1.417 +0.002, R? = 0.99836
—40 cm 1.188 + 0.000, R? = 0.99963 1.449 + 0.001, R? = 0.99885 1.672 +0.001, R? = 0.99746

Table 9. Apparent dispersivity length X for the fibrous plant, fitted with HYDRUS-1D under steady-state conditions, with passive solute uptake,
with three transpiration rates, and the fibrous root system.

ez = 0.667 cmd!
1.830 + 0.004, R% = 0.99560

T =0.25cmd!

1
o Pot =05cmd™ T

z=-10cm 1.190 + 0.001, R = 0.99848 1.456 £ 0.001, R* = 0.99736
z=-20cm 1.180 + 0.001, R% = 0.99920 1.333 £ 0.001, R% = 0.99836 1.525 +0.001, RZ = 0.99675
z=—40 cm 1.160 + 0.000, R% = 0.99962 1.325 +£0.001, R% = 0.99934 1.507 £ 0.001, RZ = 0.99866

Table 10. Apparent dispersivity length )\app fitted with HYDRUS-1D
with steady-state and transient transpiration rate, solute exclusion, and
the fibrous root system.

Table 11. Apparent dispersivity length X o fitted with HYDRUS-1D,
with steady-state and transient transpiration rate, solute exclusion, and
the taprooted root system.

Tpot =05cmd™! Constant Diurnal Pot =05cmd™!  Constant Diurnal

z=-10cm 1.033 +0.002, R =0.99736  1.467 +0.001, R* = 0.99665 z=—-10cm 1.546 +0.001, R* = 0.99817  1.223 +0.001, R? = 0.98262
z=-20cm 1.283 +0.001, R> = 0.99836  1.474 + 0.001, R? = 0.97555 z=-20cm 1.333 +0.001, R* = 0.99892  1.372 +0.001, R = 0.98973
z=-40cm 1.449 +0.001, R = 0.99934  1.368 + 0.001, R* = 0.94804 z=—40cm 1.325 +0.001, R = 0.99924  1.342 + 0.001, R? = 0.98906
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Fig. 11. Three-dimensionally simulated breakthrough curve of PARTRACE (blue, fibrous plant; red, taprooted plant) and HYDRUS-1D without

fitting (green) at z = —10, —20, and —40 cm of the soil column with root water and active solute uptake; the scenario was run with 7' Do
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than the uptake that would be expected for passive uptake (solute
concentration levels were smaller than the applied concentration
co), solute concentrations at a certain depth at the soil root inter-
face were smaller than the average concentration at that depth.
Since uptake in the one-dimensional model is calculated on the
basis of average concentrations, the calculated uptake rate in the
one-dimensional model is larger than in the three-dimensional
model. These local concentrations vary, for example, due to solute
uptake by the plant roots, and cannot be represented in one dimen-
sion. Therefore, the solute uptake rate V- iy i1 the one-dimensional
model must also be adapted so as to match the simulated BTCs.
The obtained values were V. = 0.066 cm? d~! for the fibrous
plantand 7 = 0.04 cm? d™! for the taprooted plant.

The effect of plant water uptake on the apparent dispersivity length
was the largest for the solute exclusion scenario. An increase of the
apparent dispersivity values with increasing depth was observed
in the root zone of the taprooted plant, whereas a decrease was
observed for the fibrous root system. For the taprooted system, the
largest apparent dispersivity lengths were observed at the bottom
of the root zone, despite the fact that the coefficient of variation
of the vertical pore water velocity decreased to small values at this

depth (Fig. 5).

In contrast, the highest X app WeTe observed at the top of the root
zone for the passive uptake case, and the effect of passive solute
uptake decreased below the root zone. This corresponds to the
largest coefficient of variation of the vertical pore water velocity

at the upper soil domain, which also decreased with depth (Fig. 5).

For the scenarios with active uptake, the apparent dispersivity
length was smaller than the soil dispersivity length used in the
three-dimensional simulations (Fig. 10). For these scenarios, the
solute concentrations were the smallest around the roots, where
also the largest deviations in the vertical pore water velocities were
simulated. As a consequence, most of the solute mass that passed
the root zone for this scenario was transported in a region where
the variability in pore water velocity induced by the roots was small.

Scenario 2: Impact of Transpiration Rate

In Scenario 2, both plants had similar impact on solute move-
ment, so the results are shown for the fibrous root system only.
In Fig. 12, the breakthrough curves for the three transpiration
rates—one-quarter (T1), one-half (T2), and two-third (T3) of
the total irrigation—with no nutrient uptake (blue) and passive
solute uptake (red) are plotted versus the pore volume (cumulative
outflow divided by the water volume in the soil between the soil
surface and the depth where the BTC is simulated).

The difference between the passive solute uptake and the solute
exclusion scenario is manifested by the different impact of the

transpiration rate on >‘app' Despite the fact that the coefficient

of variation of the vertical pore water velocity increased with

—— Exclusion, T=0.5cmd”’
¥i |- - - Exclusion, T = 0.25 cm d™'
& s Exclusion, T = 0.667 cmd™' |-
\|—— Passive, T=05cmd”’
|==- Passive, T=0.25¢cm a! [}
g < Passive, T = 0.667 cm d”'
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Fig. 12. Three-dimensionally simulated breakthrough curves for
three different transpiration rates (77 = 0.5, 0.25, 0.667 cm d=h
at depth z = —40 cm of the soil column with root water uptake by a
fibrous plant; solute exclusion (blue) and passive solute uptake (red);
the concentration is scaled to its maximum and compared to the
cumulative water outflow.

increasing transpiration rate, the apparent dispersivity length
decreased with increasing transpiration rate for the passive solute
uptake scenario (Fig. 13). This shows that for passive solute uptake
the dispersivity length is correlated to the variation of the velocity
field, considering soil depth. However, values lower than the soil
dispersivity length X = 1 cm are obtained. From this it follows
that the coefficient of variation of the pore water velocity is not the
main influence of the dispersivity length anymore when nutrients
are taken up passively. Besides the coefficient of variation of the
pore water velocity, the dispersivity length is also determined by
the spatial correlation of the velocity field. A higher transpiration
rate and root water uptake leads to larger horizontal water fluxes,
which reduces the spatial correlation in the mean flow direction of
the vertical water velocity and therefore the apparent dispersivity
length. A similar effect of transient flow conditions and root water
uptake on lateral solute redistribution and apparent dispersivity
was observed in simulations by Russo et al. (1998).

On the other hand, for the scenario with solute exclusion, the
apparent dispersivity length increased with transpiration rate. This
indicates that the solute redistribution and accumulation of solute
close to the soil root interface in this scenario had an important but
different impact on the transport process than did the variability

of pore water velocity induced by root water uptake.

Scenario 3: Impact of Soil Dispersivity Length

To investigate the impact of the soil dispersivity length X app used
in the three-dimensional simulations we ran Scenario 1 with
the fibrous root system, a transpiration rate of 7, or = 0.5 cm d1
solute exclusion and passive solute uptake, and for several soil dis-

persivity lengths (X =0.5, 1.0, and 2.0 cm). Figure 14 shows

app
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Fig. 13. Difference of apparent dispersivity length >\ap to soil
dispersivity length N[ at three soil depth (z = —10, 20, “5 cm) for
three transpiration rates T1 = 0.25 em d~1, T2 = 0.5 cm d7, and
T3 = 0.667 cm d~ 1, with solute exclusion (dashed) and passive solute
uptake (continuous).
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Fig. 14. Difference of apparent dispersivity length \ | p minus different
soil dispersivity length \; at three soil depths (z = 20, —20, —40 cm)
for the fibrous root system with transpiration rate 7, = 0.5 cm d~1;
passive solute uptake (continuous) and solute exclusion (dashed).

the difference between the apparent and soil dispersivity length
versus soil depth. If solute is excluded, the largest relative effect
on the apparent dispersivity length can be seen for the lowest soil
dispersivity length (\; = 0.5 cm), while for passive solute uptake
the largest relative effect is seen for the largest N (2 cm). The dif-
ference decreased with depth when solute was taken up passively
and vanished at soil depth without plant roots (z = —40 cm), where
almost no impact of soil dispersivity length was seen. The results
show that for both solute uptake definitions (solute exclusion and
passive uptake), the difference between apparent dispersivity and
soil dispersivity increased with increasing soil dispersivity. This is
different from the effect that soil dispersivity has on the apparent
dispersivity in soils with spatially variable soil hydraulic proper-
ties. Using approximate solutions of stochastic transport equa-
tions, Fiori (1996) demonstrated that soil dispersivity, which is also
called local dispersivity, has no impact on the difference between
the apparent and soil dispersivities for small soil dispersivities. For
larger local dispersivity, this difference even decreases with increas-
inglocal dispersivity. This shows that the effects of root water and
nutrient uptake on X are different and not additive compared
to the effect of soil heterogeneity.

Scenario 4: Impact of Transient Flow

The upper boundary condition of the plant collar was changed
from a constant to a transient flow (Fig. 3). The solute setup did
not change, and no solute uptake (exclusion) was defined. The
breakthrough curves of both, transient and constant boundary
conditions, are compared in Fig. 15. As there is no uptake during
the night, the net vertical water flux is downward, while in the
middle of the day, as the instantaneous transpiration is higher than
the rainfall, the flux goes to the root system. This generates the
diurnal oscillation of the solute concentration in the upper root
zone, while in the lower soil the effect of transient flow fades out.
Below the root zone (z = —40 cm) no difference between BTCs,
cither simulated with a constant or a transient collar flux, could

be seen anymore.

The effect of the transient flow regime on the apparent dispersiv-
ity length depended strongly on the root structure and depth (Fig.
16). For both root systems, the effect of transient flow conditions
decreased with increasing depth. For the fibrous system, transient
flow led to larger apparent dispersivity values when compared with
steady-state flow close to the soil surface, whereas the opposite was
observed for the taprooted system. Below of the root zone (z =
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Fig. 15. Three-dimensionally simulated
breakthrough curves at z = —10, 20,
and —40 cm of the soil column with
root water uptake by a (left) fibrous and
a (right) taprooted root structure; root
transpiration compared between con-
stant collar flux and diurnal root water
uptake with 7' o = 0.5 cm d=1; solute
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boundary condition at the top: ¢y = 1072
pmol ecm™3; the scenario was run with
solute exclusion.
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—40 cm), the apparent dispersivity values of both plants and both
boundary conditions of the plant collar were in the same range. =l E 7 e
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Summary and Conclusions -S| g 3
Several simulation experiments were run to investigate the impact of b “a: : I: ‘
root water and solute uptake on solute transport in soil. In these sce- S :
narios parameters and steady boundary conditions were varied, and =150 B o 1
the apparent dispersivity length, which is used as a characteristic of o
solute spreading in soil, was estimated by fitting solute breakthrough | J
curves with the one-dimensional model HY DRUS-1D. The results —
. . .. . £
showed deviations of the apparent dispersivity lengths from the soil O,
dispersivity values used in the three-dimensional simulations. %_ -25
S
The taprooted and fibrous root architectures, with similar root .| |
length density profiles and a similar total root length, resulted in
similar profiles of the mean average vertical pore water velocity but
different profiles of the coefficient of variation of the pore water _35/ 4
velocity, and water sink term distributions (Fig. 5). When com-
pared with apparent dispersivity length derived from simulations : : ; £ j :
with a constant transpiration rate, the diurnal cycles of the transpi- =0 0.1 0.2 03" 04 05 0.6
ration rate influenced the apparent dispersivity length only in the A~ [cm]
soil layers with diurnal cycles of water content. This effect might app
be due to the upward total flux during the day and decreased with Fig. 16. Difference of apparent dispersivity length X minus soil

increasing soil depths. Below the root zone, the difference vanished.

Besides the root water uptake, the solute uptake mechanism has
an important impact on solute transport. Different solute uptake
mechanisms led to different redistributions of the solute mass in
the heterogeneous flow field that was generated by the root water
uptake. This solute redistribution also had an important impact
on the apparent dispersivity length and its behavior with travel
distance, and this impact depended on the root architecture.

In our simulations we considered a homogeneous soil and found
that it led to higher apparent dispersivity values for passive uptake
and solute exclusion. This contrasts previous simulations in het-
erogeneous soils where the apparent dispersivity decreased due to

plant water uptake Russo et al. (1998). In our study, the effect of

dispersivity length X\; at three soil depth (z = -10, iP{O, —40 cm)
for a constant and a transient collar flux; fibrous (dashed) and tap-
root (continuous).

water uptake by individual roots on the flow field was considered,
whereas in Russo et al. (1998), spatial variability of root water
uptake was described on a macroscopic scale, so that its effect on

the smaller scale was not explicitly simulated.

For active solute uptake, we also noticed that solute uptake rate
parameters that have been determined in nutrient solutions cannot
be transferred to simulate nutrient uptake in soils using bulk soil
concentrations. It should be noted that we only considered non-
sorbing solutes. For sorbing solutes, concentration gradients close

to the root surface are larger than for nonsorbing solutes, so this



effect will be even larger for these substances. These dependencies
illustrate that the dispersivity length that is used in one-dimen-
sional simulation models should not be considered as a soil prop-
erty since it depends on flow conditions and root and plant proper-
ties. To what extent these dependencies need to be considered in
practical applications such as simulations for prediction of leaching
plant nutrients and plant protection products out of the root zone
requires further investigation.

In this study we focused on transport in a homogeneous soil in
which root water and solute uptake were the only processes that
generated solute redistribution and flow field heterogeneity and
therefore influenced the apparent dispersivity. Soil heterogeneity
also plays an important role, and its impact on flow field hetero-
geneity and the magnitude and scale dependency of the apparent
dispersivity have been investigated intensively (e.g., Vanderborght
etal.,2006). A review of apparent dispersivities that were derived
from leaching experiments in undisturbed bare soils indicated that,
in general, the apparent dispersivity increases from 2 ¢m for a travel
distance of 20 to 6 cm for a travel distance of 100 cm (see Fig. 6 in
Vanderborght and Vereecken, 2007). Assuming a simple linear
relation between travel distance and apparent dispersivity, disper-
sivity would increase from 2 to 3 cm (i.e., by 50%) for an increase of
travel distance from 20 to 40 cm. Although we do not want to put
much weight on this very simple analysis, it nevertheless illustrates
that the effect of root water and nutrient uptake on the apparent
dispersivity, which may also lead to an increase of apparent dis-
persivity by 50% over the same transport distance depending on
the considered scenario, does not seem negligible when compared
with the effect of soil heterogeneity. The effects of root water and
nutrient uptake and soil heterogeneity on apparent dispersivity are
not expected to be additive since interactions between root water
uptake and the spatially variable water contents and water fluxes

in a heterogencous soil are plausible.

In future studies, the virtual experiments could be extended to
simulations in heterogeneous soil. In addition, simulations with
different horizontal root length density (increasing and decreas-
ing of soil domain but with the same root structure) and simula-
tions with similar plants, but different potential transpiration rates
(heterogencous water uptake) could identify important effects on

solute movements in soil.

In our simulations, we considered cases with a high leaching rate,
when compared with expected leaching rates in field soils, and
with a quasi-steady flow regime. Such conditions may be relevant
for experimental conditions of leaching experiments or for regu-
larly (over)irrigated crops. Another scope of additional simulation
experiments could be to investigate the interactions between plant
water and solute uptake and transport under more natural climatic
boundary conditions leading to lower ratios of the leaching rate to
the rainfall/irrigation rate at the soil surface and to a larger time

scale (i.c., seasonal time scale) of the temporal variation of leaching

rates. For those conditions water uptake profiles may vary consider-
ably over time when parts of the root zone dry out and root water
uptake is locally reduced. Differences in modeled profiles of root
water uptake by three-dimensional and one-dimensional models
in these cases also are expected to have an impact on simulated

solute transport.

Since theses studies are limited to simulation experiments, the
results should also be validated with experimental data. There-
fore, tracer measurements in soil with plants and root water uptake,
using magnetic resonance imaging, will be performed. Comparing
these experiments with our simulated data could lead to a better
understanding of the effects on solute movement by root water
and solute uptake.
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