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Our understanding of soil and plant water relations is limited by the lack of experimental methods to measure water fluxes in
soil and plants. Here, we describe a new method to noninvasively quantify water fluxes in roots. To this end, neutron radiography
was used to trace the transport of deuterated water (D2O) into roots. The results showed that (1) the radial transport of D2O from
soil to the roots depended similarly on diffusive and convective transport and (2) the axial transport of D2O along the root xylem
was largely dominated by convection. To quantify the convective fluxes from the radiographs, we introduced a convection-
diffusion model to simulate the D2O transport in roots. The model takes into account different pathways of water across the root
tissue, the endodermis as a layer with distinct transport properties, and the axial transport of D2O in the xylem. The diffusion
coefficients of the root tissues were inversely estimated by simulating the experiments at night under the assumption that the
convective fluxes were negligible. Inverse modeling of the experiment at day gave the profile of water fluxes into the roots. For a
24-d-old lupine (Lupinus albus) grown in a soil with uniform water content, root water uptake was higher in the proximal parts of
lateral roots and decreased toward the distal parts. The method allows the quantification of the root properties and the regions of
root water uptake along the root systems.

Understanding how and where plant roots extract
water from soil remains an open question for both plant
and soil scientists. One of the open questions concerns
the locations of water uptake along the root system
(Frensch and Steudle, 1989; Doussan et al., 1998; Steudle,
2000; Zwieniecki et al., 2003; Javaux et al., 2008). A mo-
tivation of these studies is that a better prediction of root
water uptake may help to optimize irrigation and iden-
tify optimal traits to capture water. Despite its impor-
tance, there is little experimental information on the
spatiotemporal distribution of the uptake zone along
roots growing in soil. The lack of experimental data is
largely due to the technical difficulties in measuring
water fluxes in soils and roots.

Quantitative information on the rate and location of
root water uptake along roots growing in soil is needed
to better understand the function of roots in extracting
water from the soil and tolerating drought events. Such
information may show which parts of roots are more
involved in water extraction and how root hydraulic
properties change during root growth and exposure to
water-limiting conditions. For instance, it is not clear
how root anatomy and the hydraulic conductivity of
roots change as the soil becomes dry or the transpiration

demand increases. Quantitative information of the loca-
tion of root water uptake can be used to estimate the
spatial distribution of hydraulic conductivities along
roots. This information is needed to parameterize the
most recent and advanced models of root water uptake,
such as those of Doussan et al. (1998) and Javaux et al.
(2008).

Most of the experimental information on the spatial
distribution of water uptake is limited to roots grown in
hydroponic and aeroponic cultures (Frensch and Steudle,
1989; Varney and Canny, 1993; Zwieniecki et al., 2003;
Knipfer and Fricke, 2010a). These investigations sub-
stantially improved our knowledge of the mechanism
of water transport in roots. However, roots grown in
hydroponic and aeroponic cultures may have different
properties than those of roots grown in soils. As the
soil dries, the hydraulic conductivity of roots and of the
root-soil interface changes and likely affects the profile
of root water uptake (Blizzard and Boyer, 1980; Nobel
and Cui, 1992; Huang and Nobel, 1993; McCully, 1995;
North and Nobel, 1997; Carminati et al., 2011; Knipfer
et al., 2011; McLean et al., 2011; Carminati, 2012).

New advances in imaging techniques are opening
new avenues for noninvasively studying water uptake
by roots in soils (Doussan et al., 1998; Garrigues et al.,
2006; Javaux et al., 2008; Pohlmeier et al., 2008; Moradi
et al., 2011). Imaging methods such as x-ray computed
tomography, light transmission imaging, NMR, and
computed neutron radiography allow quantifying the
changes of water content in the root zone with differ-
ent accuracy and spatial resolution. However, due to
the concomitant soil water redistribution, the local
changes in soil water content are not trivially related to
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root uptake. Consequently, the estimation of root water
uptake requires coupling the imaging methods with the
modeling of water flow in the soil, which, in turn, re-
quires accurate information on the hydraulic properties
of soil and roots. An additional complexity is repre-
sented by the peculiar and only partly understood hy-
draulic properties of the soil in the vicinity of the roots,
the so-called rhizosphere.

The hydraulic properties of the rhizosphere are influ-
enced by root and microorganism activity, soil compac-
tion due to root growth, and the formation of air-filled
gaps between soil and roots when roots shrink (Nye,
1994; North and Nobel, 1997; Carminati et al., 2010;
Aravena et al., 2011; Moradi et al., 2011; Carminati,
2013; Zarebanadkouki and Carminati, 2014). To date, it
has been technically difficult to quantify the hydraulic
properties of the rhizosphere. Carminati et al. (2011)
showed that the hydraulic properties of the first 1 to
2 mm near the root affect the profile of water content
and water potential toward the root.

Recently, we introduced a novel method to non-
invasively trace the flow of water in soil and roots
(Zarebanadkouki et al., 2012, 2013). The method com-
bines neutron radiography and the injection of deuter-
ated water (D2O). Neutron radiography is an imaging
technique that allows one to quantify the water distri-
bution in thin soil samples with high accuracy and
spatial resolution (Moradi et al., 2008). D2O is an isotope
of normal water. Its chemical and physical properties
are similar to those of water, but in contrast to water, it
is almost transparent in neutron transmission imaging
(Matsushima et al., 2012). This property makes D2O an
excellent tracer for neutron imaging of water flow.

In our previous experiments (Zarebanadkouki et al.,
2012, 2013), D2O was injected next to selected roots
and its transport was monitored using time-series neu-
tron radiography with a spatial resolution of 150 mm
and a temporal resolution of 10 s for a duration of 2 h.
We grew lupine (Lupinus albus) in aluminum containers
(width of 25 cm, height of 30 cm, and thickness of 1 cm)
filled with a sandy soil. The soil was partitioned into
different compartments with a 1-cm layer of coarse
sand acting as a capillary barrier (three vertical and four
horizontal layers placed at regular intervals). The cap-
illary barriers limited the transport of D2O into a given
region of soil and facilitated the quantification of D2O
transport into the roots. Figure 1 shows selected neu-
tron radiographs of D2O injection during the day and
night. This figure is modified from Zarebanadkouki
et al. (2013). The radiographs show that (1) the radial
transport of D2O into the roots was faster during the
day than during the night and (2) the axial transport of
D2O along the roots was visible only during the day,
while it was negligible at night. The differences between
nighttime and daytime measurements were caused by
the net flow of water induced by transpiration.

The interpretation of tracing experiments with D2O
in which water and D2O are mixed is not straightforward
(Carminati and Zarebanadkouki, 2013; Warren et al.,
2013a, 2013b). To determine the convective fluxes from

the radiographs, Zarebanadkouki et al. (2012, 2013) in-
troduced a diffusion-convection model of D2O transport
in roots. The model was solved analytically. The model
described the increase of the average D2O concentration
in the root with a double-exponential equation, in which
the rate constants of the first and second phases were
related to the transport of D2O into the cortex and the
stele of the roots. Although the model included impor-
tant details of the root structure, such as different path-
ways of water across the root tissue, the diffusion of D2O
across the root tissue was strongly simplified. In partic-
ular, our previous model assumed that as soon as the
roots were immersed in D2O, the apoplastic free space
of the root cortex was instantaneously saturated with
D2O. In other words, we assumed that all cortical cells
and the root endodermis were simultaneously immersed
in an identical concentration of D2O equal to that of the
soil. Additionally, we assumed that D2O concentration
inside the cortical cell and the root stele was uniform
(well-stirred compartment).

Although the radiographs clearly showed a significant
axial transport of D2O beyond the capillary barrier during
the daytime (Fig. 1B), the model of Zarebanadkouki et al.
(2013) was not capable of simulating it appropriately.
Indeed, our previous model could only simulate the
changes in D2O concentration in the root segments im-
mersed in D2O. Since the concentration of D2O in the
root segment beyond the capillary barrier carries ad-
ditional information on the axial and radial fluxes
along the roots, we decided to modify our model to in-
clude such information.

Another approximation of the previous model was
the assumption that the radial water flow to the root
was uniform along the root segment immersed in D2O.
However, Zarebanadkouki et al. (2013) found signifi-
cant variations in root water uptake along the roots
and suggested that root water uptake should be mea-
sured with a better spatial resolution.

The objective of this study was to provide an adequate
model to interpret tracing experiments with D2O. We
developed two different models to describe the transport
of D2O into roots. (1) In the first model, we described the
transport of D2O into the roots by taking into account the
different pathways of water across the root tissue (i.e.
the apoplastic and the cell-to-cell pathways). Although
this model captures the complexity of the root struc-
ture, it requires several parameters, such as the ratio of
the water flow in the apoplast over the water flow in
the cell-to-cell pathway. We refer to this model as the
composite transport model. (2) In the second model,
we simplified the root tissue into a homogenous flow
domain comprising both pathways. The latter model is
a simplification of the complex root anatomy, but it has
the advantage of requiring fewer parameters. We refer
to this model as the simplified model.

In the next sections, we introduce the two modeling
approaches and run a sensitivity analysis to test whether
the transport of D2O into roots is sensitive to the pa-
rameters of the composite transport model. The ques-
tion was, do we need the composite transport model to
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accurately estimate the water flow into the roots based
on the experiments with neutron radiography? Or alter-
natively, can we use the simplified model to estimate the
fluxes without the need of introducing several parameters?
Our final goal was to develop a numerical procedure

to extract quantitative information on the water fluxes
and the root hydraulic properties based on the tracing
experiments with neutron radiography. Based on the
results of the sensitivity analysis, we chose the sim-
plified model to simulate the experiments. By fitting
the observed D2O transport into the roots, we calculated

the profiles of water flux across the roots of a 24-d-old
lupine as well as the diffusion permeability of its roots.

THEORETICAL BACKGROUND

Model of D2O Transport in Root

D2O enters the roots by (1) diffusion, which depends on
the concentration gradient across the root tissue and the
diffusional permeability of the roots, and (2) the convec-
tion induced by the transpiration stream. The transport of

Figure 1. Neutron radiographs of
two samples after injection of 4 mL
of D2O during the day (A and B)
and during the night (C and D).
D2O was injected in one compart-
ment during the nighttime and in
two compartments during the day-
time. The images show the differences
between the actual radiographs at
time t and the radiograph before
injection (t = 0). Brighter colors
indicate lower neutron attenuation
and higher D2O-water ratio. The
images show that (1) the transport
of D2O was faster during the day
than during the night and (2) D2O
moved axially beyond the capillary
barrier toward the shoot only dur-
ing the day. Images are closeups of
the original field of view of 15.753
15.75 cm showing the distribution
of D2O in the soil and root after
D2O injection. Figures are extracted
from Zarebanadkouki et al. (2013).
(A neutron radiograph of the whole
sample used for daytime measure-
ment is given in Figure 9.) [See online
article for color version of this figure.]
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D2O through the root can then be described by a
diffusion-convection model. We assumed that the
water flow from the root surface to the xylem surface is
radial, while the water flow in the xylem is longitudinal
(Fig. 2A). Due to the composite structure of roots, the
radial flow of water and the transport of D2O take place
along different pathways: the apoplastic pathway and
the cell-to-cell pathway (Fig. 2C). The apoplastic
pathway occurs along the cell walls and the extracellular
space. The cross-sectional area of the apoplastic pathway
is only a few percent of the total cross-sectional area
(Fritz and Ehwald [2011] reported a value of 3% in
maize [Zea mays]). Although its cross section is small,
the apoplastic pathway does not involve the crossing
of cell membranes and is expected to be less resistant
to water flow. However, the relative importance of the
apoplastic and cell-to-cell pathways is still a matter of
debate (Steudle, 2000; Knipfer and Fricke, 2010b).

We chose two scenarios to describe the D2O transport
in the root. In the first scenario, we explicitly described
the transport of D2O through the two different path-
ways and assumed that in the endodermis the apoplast
is blocked. This assumption will not be valid for the
root tip in which the endodermis has not yet devel-
oped. We refer to this model as the composite trans-
port model. In the second scenario, we considered only
a single pathway, which can be seen as the average of
the two pathways, and described the endodermis as a
layer with lower diffusional permeability. We refer to
this model as the simplified model.

First Scenario: Composite Transport Model

We divided the flow domain into an apoplastic path-
way and a cell-to-cell pathway. A schematic representa-
tion of the flow domain is shown in Figure 2C. The
pathways are in parallel and exchange D2O with each
other. We assumed a continuous apoplastic pathway
across the root tissue with an interruption at the en-
dodermis, where the transport of D2O is only via the
cell-to-cell pathway. The transport of D2O in the apo-
plastic pathway is described by:
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and the transport of D2O in the cell to cell pathway is
described by:
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where the superscripts a and c refer to the apoplastic
and cell-to-cell pathways, respectively, u is the water
content (cm3 cm23), r is the radial coordinate (cm), x is

the longitudinal coordinate (cm), t is the time (s), ca and cc

are the concentrations of D2O in the apoplastic and sym-
plastic pathways, respectively (cm3 cm23), Da and Dc

are the diffusion coefficients of D2O in the apoplastic
and symplastic pathways, respectively (cm2 s21), jx is
axial flux of water (cm s21), jar and jcr are the radial
flux of water in the apoplastic and symplastic pathways,
respectively (cm s21), va is the volumetric fraction of the
apoplast (cm3 cm23), and Gs describes the exchange of
D2O between the apoplastic and cell-to-cell pathways
(s21). The volumetric fraction of the apoplast, va, is as-
sumed to be 3% (Richter and Ehwald, 1983; Fritz and
Ehwald, 2011). Note that we assumed a similar diffu-
sion coefficient in the radial and axial directions.

To quantify the exchange term, we followed the
approach of Gerke and van Genuchten (1996), who
modeled water flow and solute transport in dual-
permeability soils. Although their approach was devel-
oped for structured soils, the mathematical treatment can
be easily adapted to the root tissue. In fact, there is a
strong analogy between the dualism between the mac-
rospore and the soil matrix in structured soils and that
of the apoplastic and cell-to-cell pathways in the root
tissue. Using the approach of Gerke and van Genuchten
(1996) and assuming that root cells are cylinders with
radius rc (cm), the exchange term between the apo-
plastic and cell-to-cell pathways is given by:

Gs ¼ Dcb

rc2
ð12vaÞðca 2 ccÞ ð3Þ

where b is a dimensionless geometry coefficient that
was equal to 3 and 8 for a hollow and a solid cylinder,
respectively (van Genuchten, 1985; Gerke and van
Genuchten, 1996). b is a parameter that depends on the
ratio between the surface and volume of the root cells.
The larger is the surface-to-volume ratio, the faster is
the D2O exchange between the apoplastic and cell-to-
cell pathways. We assumed that the cells have a cy-
lindrical shape (i.e. their radius is much smaller than
their longitudinal length). We further assumed that
the major resistance to the transport of D2O occurs
at the cell membrane, while the inner cell volume
has a uniform concentration of D2O. These approxi-
mations result in the representation of the root cells
as hollow cylinders. The term “hollow” here refers to
the fact the main resistance to D2O transfer acts at the
cell wall.

We further assumed that the cell-to-cell pathway is
in local hydraulic equilibrium with the apoplast and
that, consequently, D2O moves between the two path-
ways only by diffusion.

The radial fluxes of water through the apoplastic
and cell-to-cell pathways are expressed as:

ja
r
¼ ð12 lÞjr

va ð4Þ

and
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Figure 2. Illustration of D2O transport into a root partially immersed in D2O. A, Diffusion and convection along a root. Water
flows radially to the xylem radius. In the xylem, water flows longitudinally. B, Cross section of a lupine root at a distance of
12 cm from the root tip. C, Representation of the root tissue and its effect on D2O transport in the composite transport model.
D, Simplified model in which the different pathways are lumped together in a single averaged pathway across the root tissue.
Here, ca and cc are the concentrations of D2O in the apoplastic and symplastic pathways, respectively; cr is the concentration of
D2O in the root; Da and Dc are the diffusion coefficients of D2O in the apoplastic and symplastic pathways, respectively; D is
the diffusion coefficient of D2O in the root assuming the root as a uniform tissue; jar and jcr are radial fluxes of water in the
apoplastic and symplastic pathways, respectively; jr is the radial flux of water into the root; and Gs is the exchange term of D2O
between the apoplastic and cell-to-cell pathways.
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jc
r
¼ ljr

vc ð5Þ

where jr is the average radial flux of water (cm s21), l is
the relative importance of the apoplastic transport (2),
and vc is the volumetric fraction of the cell-to-cell path-
way (1 2 va). The value of l varies from 0 for purely
apoplastic transport to 1 for purely cell-to-cell trans-
port. Note that the radial and axial fluxes vary as a
function of distance from the root center (radial direc-
tion r) and from the root tip (axial direction x). The
fluxes are assumed to be constant over time during
the measurements. We define jR(x) as the radial flux at
the root surface (cm s21).

The change in concentration of D2O in the root can
be calculated from the weighted-average concentra-
tions of D2O in the apoplastic and cell-to-cell pathways
according to:

∂cr
∂t

¼ va∂ca

∂t
þ vc∂cc

∂t
ð6Þ

where cr is the D2O concentration in the root (cm3 cm23).
Mass conservation imposes that the radial and axial

fluxes satisfy the following equation:

pr2x
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where rx is the xylem radius (cm). From the root sur-
face to the root xylem, we assumed only radial flow. In
another words, we assumed that the axial transport of
water occurs only in the xylem. In this case, mass con-
servation imposes that jr 3 r is constant between the
root surface and the xylem radius.

Second Scenario: Simplified Model

A simplified approach consists of treating the root
tissue as a single pathway whose diffusion D is an av-
erage of the diffusion through the apoplastic and cell-to-
cell pathways (cm2 s21). A schematic representation of
the model is presented in Figure 2D. In this case, the
transport of D2O in root can be described by:
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where cr is the average concentration of D2O in root.

Model Parameterization

All the variables in Equations 1, 2, and 8 are functions
of the radial and longitudinal coordinates (r and x). For
the diffusion coefficients, we assumed that the cortical

cells in the cortex and the root stele had constant radii
and diffusion coefficients along r and x. We further
assumed that the endodermis was not yet developed
in the first 1.5 cm from the root tip. Thus, we used the
diffusion coefficient in the root tip as a representative
of the diffusion coefficient of the cortical cells in the
root tissue. We let the diffusion coefficient of the en-
dodermis (De) and the radial flux of water into the
roots (jr) vary with x [i.e. De = De(x) and jR = jR(x)].

For the composite transport model, we assumed that
the volume fractions of the apoplastic and cell-to-cell
pathways are va and (1 2 va), respectively. Similarly,
the fractions of water flow through the apoplastic and
cell-to-cell pathways are (12 l) and l, respectively. As
a first approximation, we assumed that va and l are
constant in the axial direction. The apoplastic pathway
is assumed to be interrupted at the endodermis (i.e.
between re 2 rc

2 and re þ rc
2 ), with rc being the cell ra-

dius and re the endodermis radius. We also included
the fact the diffusion in the endodermis is smaller than
in the cortex. These assumptions are summarized as:

For  r ¼
h
re 2

rc
2
: re þ rc

2

i8<
:

Dcðr; xÞ ¼ DeðxÞ
lðr; xÞ ¼ 1

vaðr; xÞ ¼ 0
ð9Þ

Note that when va(r, x) = 0, Equation 1 cannot be solved.
Indeed, in the endodermis, we solved only Equation 2.
To solve the numerical problem, we imposed Ca = Cc in
the endodermis.

For simplicity, we did not simulate the water movement
in soil during D2O injection. The radiographs showed a
quick water redistribution in the soil after D2O injection,
and we assumed that afterward the water flow in soil
was constant over time. During D2O injection, we imposed
the measured concentration of D2O as the boundary
condition at the root surface in soil. When the soil water
content reached equilibrium, we shifted the bound-
ary condition to the last node of the soil and simulated
D2O diffusion through the soil. The diffusion coeffi-
cient in soil was parameterized according to Milling-
ton and Quirk (1961):

D ¼ uD0

�
u7=3

f2

�
ð10Þ

where u is the soil water content (cm3 cm23), D0 is the
diffusion coefficient of D2O in pure water (cm2 s21), and
f is the soil porosity. We used D0 = 2.273 1029 m2 s21,
as measured by (Longsworth, 1960).

The diffusion coefficients of the root tissue were
defined as follows: the diffusion of D2O in the apoplastic
pathway was assumed to be one-sixth of the diffusion
coefficients of D2O in pure water (D0 = 2.273 1029 m2 s21).
Published values of diffusion coefficients for different
solutes in the apoplast range from one-fifth to one-sixtieth
of the diffusion in pure water (Pitman, 1965; Aikman
et al., 1980; Richter and Ehwald, 1983; Kramer et al.,
2007). We took the lower limit because D2O is a neutral
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molecule with a rather similar Mr compared with nor-
mal water. Higher values are expected for bigger and
charged molecules. We assumed the same value for the
diffusion in the xylem.
The diffusion coefficients of cortex and endodermis

were obtained from inversely fitting the D2O distri-
bution in roots during the nighttime. We fitted the D2O
transport in the tip root segments assuming a constant
diffusion coefficient across root tissue. This coefficient
was used for the cortical cells in the root cortex and the
root stele along the root length and root radius. Then,
we fitted the D2O transport in the rest of the root seg-
ments to calculate the diffusion coefficient of the en-
dodermis assuming a constant diffusion coefficient for
the cortical cells obtained from the root tip.
We used the fitted diffusion coefficients for simulat-

ing the daytime experiments. For the daytime simula-
tions, the parameters to fit were jR(x), l, and b for the
composite transport model and jR(x) for the simplified
model. For those roots that were partly immersed in
D2O, we also fitted the axial flux of water entering into
the root segment immersed in D2O. Note that as a first
attempt, we assumed that l and b are uniform along
the root length. This assumption may not be valid at the
root tip, where the endodermis is not yet developed and
water may flow mainly through the apoplast. The radial
fluxes and diffusion coefficients are fitted for each lon-
gitudinal position along a root with intervals of 0.1 cm.

Model Implementation

A single root and the surrounding soil were mod-
eled in cylindrical coordinates. To numerically solve
Equations 7 and 8, each variable was represented in a
two-dimensional matrix. Each element of the matrix
encodes the identity of a specific portion of the root in
radial and longitudinal positions. In our model, the
soil was extended for 1 cm from the root surface. The
root cortex extended from the root surface to the en-
dodermis. The stele extended from the inner radius of
the endodermis to the surface of xylem. We described
the xylem as a single cylinder with a cross-sectional area
corresponding to the total cross-sectional area of xylem
vessels. The radii of the root, the endodermis, and the
cortical cells and the cross-sectional area of the xylem
were calculated from microscopic observation of the
root cross section (Fig. 2C).
Equations 7 and 8 were solved numerically using a

centered finite difference method. We used a rectan-
gular computational grid with the number of equally
spaced grid elements along the root radius (N) and the
number of grid elements along the root length (M). The
space discretization values along the root length and
root radius were 0.1 and 0.0006 cm, respectively. The
time derivatives were discretized with an explicit method.
To ensure the stability of the simulations, we used a time
step of 1023 s.
The inverse problem was solved with a linear least-

squares method using the lsqlin Solver in Matlab. The
lsqlin Solver is based on the Levenberg-Marquardt

algorithm, which starts by searching the minimum
along the steepest gradient of the objective function
and gradually switches to a direction based on a first-
order approximation of the objective function. The ob-
jective function to minimize was the difference between
measured and simulated concentrations of D2O along
the root over time.

Different objective functions were used to estimate
different parameters of the model. We used the differ-
ence between measured and simulated concentrations
of D2O along a root at different times as an objective
function to estimate De(x) and jR(x). When the root was
partly immersed in D2O, to estimate the axial flux of
normal water coming to the root segment immersed in
D2O, the objective function was the difference between
the average measured and simulated concentrations of
D2O in the root segment immersed in D2O. Note that
the final concentration of D2O in the root segment im-
mersed in D2O depends on the axial flux of normal
water coming into the root segment immersed in D2O.
The difference between average measured and simu-
lated concentrations of D2O in the root segment beyond
the capillary barrier was used as the objective function
to estimate l.

We ran a sensitivity analysis to understand whether
the composite transport model was sensitive to the pa-
rameters l and b. To this end, as a first step we fitted the
increase of D2O concentration into 15 roots during the
nighttime. After solving the inverse problem, we obtained
the distribution of the diffusion coefficients along the root
length. We used these diffusion coefficients to simulate
the transport of D2O in the root for varying parameters
JR, l, and b. The objective of the sensitivity analysis
was to understand if the composite transport model is
needed or if the simplified model can replace it with-
out loss of precision.

RESULTS

We first show the results of the sensitivity analysis.
Figure 3 shows the simulated concentrations of D2O in
a root segment immersed in D2O (Fig. 3A) and in the
next root segment beyond the capillary barrier (Fig. 3B).
We chose a range of reasonable values for jR and b, and
we let l vary from the minimum value of 0 to the max-
imum value of 1. For the sensitivity analysis, we assumed
that jR was constant along x.

The results show that the increase of D2O inside the
root immersed in D2O was affected by the radial flux
jR. Note that in Figure 3 and in all the subsequent fig-
ures, jR refers to the water fluxes at the root surface.
When jR = 0, the increase of D2O was driven by diffu-
sion and was visibly slower. The increase of D2O was
faster as jR increased. Almost no differences were ob-
served in the average concentration of D2O in the root
segment immersed in D2O when the water flow changed
from the purely apoplastic pathway (l = 0) to the purely
cell-to-cell pathway (l = 1). Similarly, the concentrations
of D2O in the root segment immersed in D2O were not
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sensitive to b. We varied b from a value of 3 to 8,
corresponding to a hollow cylinder and a solid cylin-
der, respectively (van Genuchten, 1985; Gerke and van
Genuchten, 1996).

When the radial flux increased by a factor of 5, D2O
concentration beyond the capillary barrier equilibrated
to a lower value (Fig. 3B). The time needed to reach
equilibrium was faster. This observation is explained
by the convective radial fluxes into the root that op-
poses the diffusion of D2O from the xylem to the rest of

root tissue. In other words, the higher the convective
fluxes, the lower the equilibrium concentration of D2O
beyond the capillary barrier. The pathway of water
through the tissue plays a role in this process: if the
main pathway is cell to cell (l = 1), the convective
transport efficiently limits the diffusion; instead, if the
main pathway is apoplastic (l = 0), the convective fluxes
bypass the root cells and are less efficient in opposing
the diffusion of D2O out of the xylem. This is visible
in Figure 3B, where the equilibrium value of the D2O

Figure 3. Sensitivity analysis of the
composite transport model. Aver-
age concentrations of D2O in the
root segment immersed in D2O (A)
and in the root segment beyond the
capillary barrier (B) are shown.
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concentration was lower for l = 1 than for l = 0. How-
ever, for the used diffusion coefficients and root radii, the
differences between the simulations with l = 1 and l = 0
probably lie within our measurement errors. The same
conclusion holds for b.
This sensitivity analysis showed that the composite

transport is not sufficiently sensitive to the pathways
of water through the root tissue. Therefore, to reduce
the numbers of unknown parameters, we used the sim-
plified model to quantify the transport of D2O into roots.
Figure 4 shows the diffusion coefficients of the en-

dodermis as a function of distance from the root tip
De(x). The data are obtained from the best fit of the

simplified model to the observed average D2O con-
centration of 15 roots measured during the nighttime.
Figure 4 shows that De(x) was higher in the distal root
segments and decreased 10 times toward the proximal
segment.

We used the diffusion coefficients estimated from the
night measurements to simulate the transport of D2O
into the roots during the day. The parameter to be fitted
for the day measurements was jR(x). We let jR(x) be free
to change along the roots and inversely estimated it by
finding the best fit of the simplified model to the ob-
served average D2O concentration in roots measured
during the daytime. The simulated two-dimensional
distribution of the D2O concentration in a root of 14 cm
at different time steps after D2O injection is shown in
Figure 5. The images show that as D2O reached the
xylem, it was transported axially along the root and
then diffused back in the segment beyond the barrier
that was immersed in water.

Figure 6 shows a comparison between the simulations
shown in Figure 5 and the experimental data obtained
from neutron radiographs. The location of D2O injection
is illustrated in Figure 7A. The average concentrations
of D2O in the root segment immersed in D2O (Fig. 6A)
and in the root segment beyond the capillary barrier
(Fig. 6B) showed a good agreement with the experi-
mental data.

We fitted the profiles of D2O concentration along six
roots during the daytime. We selected roots that had
similar root lengths and were located at similar soil
depths. Root lengths and locations of D2O injection are
shown in Figure 7. We chose three roots that were
partly immersed in D2O at their middle parts (Fig. 7A)
and three roots that were partly immersed in D2O at
their proximal parts (Fig. 7B). The fitted radial fluxes
along the six roots are plotted in Figure 8. The results
show that water uptake along the lateral roots was not

Figure 4. Diffusion coefficient obtained from the best fit of the sim-
plified model to the experimental data of D2O concentration across
the root tissue during the nighttime. Note that we assumed that in the
first 1.5 cm near the root tip, the diffusion of the endodermis is equal to
that of the cortex. The data were obtained from 15 roots.

Figure 5. Simulated concentration
of D2O across the root tissue at
different times after D2O injection.
The color bar shows the concen-
tration of D2O in the root. The
length of the root and the location
of D2O injection are presented in
Figure 7A.
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uniform. Water flux was higher in the proximal segments
and decreased toward the distal segments. Remarkably,
the radial fluxes predicated for the root segmented be-
yond the capillary barrier for the roots that were im-
mersed in D2O at the middle parts (Fig. 7A) were in line
with the fluxes predicted for the roots that were im-
mersed in D2O at the proximal parts (Fig. 7B; i.e. com-
pare the white and black symbols at 10–16 cm from the
root tip in Fig. 8). This agreement shows the validity of

our method in estimating the radial fluxes for the root
segment immersed in D2O and the root segment be-
yond the capillary barrier.

Additionally, the profile of jR(x) along the root was in
agreement with the results of Zarebanadkouki et al. (2013).
In Figure 8, we compared the results of Zarebanadkouki
et al. (2013) with those of the newmodel. In Zarebanadkouki
et al. (2013), the radial fluxes were calculated for the
radius of the endodermis. Here, they have been scaled

Figure 6. Measured concentration
of D2O (dots) and the best fit of the
simplified model (solid lines) for
roots partly immersed in D2O. The
simulated concentrations refer to
the root in Figure 5. Root length
and location of D2O injection are
illustrated in Figure 7A. A, Average
D2O concentration in the root seg-
ment immersed in D2Owith the best
fit of the model. B, Average D2O
concentration in the root segment
beyond the capillary barrier with the
best fit of the model. C, Average
D2O concentration across the root
as a function of distance to the root
tip at different time steps after D2O
injection. Each line refers to a differ-
ent time step after D2O injection.

Figure 7. Schematic representation of the roots
measured during the daytime and whose results are
shown in Figure 8.
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for being comparable to jR(x). The results of the two
models match well.

DISCUSSION

We have implemented a new model of D2O transport
in the roots to quantify the water fluxes from neutron
radiographs. The model describes the transport of D2O
with a diffusion-convection equation in cylindrical co-
ordinates, and it includes different pathways: the apo-
plastic pathway and the cell-to-cell pathway.
A sensitivity analysis indicated that the transport of

D2O was not sensitive to the parameter l, which de-
scribes the relative importance of the apoplastic and
cell-to-cell pathways. Therefore, to reduce the number
of parameters, we used a simplified model in which there
is only one lumped pathway of water across the root
tissue. The model was sensitive to both the diffusional
coefficient of D2O across the root tissue and the radial
water flux into the root. Fitting for the diffusion coef-
ficient the nighttime measurements and using the same
coefficients for the daytime measurements allowed us
to calculate the radial flux of water into the root as a
function of distance from the root tip. The results showed
that the diffusion coefficient was higher near the root tip
and decreased toward the proximal parts. The diffusion
coefficient of the tip root was 6.7 3 10211 m2 s21, and it
decreased to 6.5 3 10212 m2 s21 at a distance of 14 cm
from the root tip. Oppositely, the radial flux of water was
lower in the distal segments than in the proximal seg-
ments. It was 3 3 1028 m s21 at a distance of 6 cm from
the root tip, and it increased to 1.6 3 1027 m s21 at a
distance of 15 cm from the root tip. The results are in

agreement with those obtained with the previous model
of Zarebanadkouki et al. (2013; Fig. 8).

The sensitivity analysis showed that the D2O trans-
port was not sensitive to the pathways of water across
the root tissue. The low sensitivity of the model was
caused by the significant contribution of diffusion to
the movement of D2O into the root. However, our sen-
sitivity analysis is limited to the special case studied here
and cannot be generalized to all roots. For example, the
pathways of water may become important for thicker
roots with low diffusion coefficients, in which convection
is likely to become more important than diffusion. Some
sensitivity was observed for the root segment after the
barrier (i.e. in the segments after the region immersed in
D2O; Fig. 3B). If the sensitivity increases and the error in
our measurements decreases thanks to future technical
improvements, it may become possible to estimate the
relative importance of the pathways.

Another issue is that our sensitivity analysis is con-
strained to our assumptions. One of our assumptions is
that the apoplastic pathway was completely blocked by
the endodermis. In case the endodermis did not fully
block the apoplast, our model should become more sen-
sitive to l. We also assumed that the diffusion coefficient

Figure 8. Radial flux into the root as a function of distance from the
root tip. The radial flux is calculated for two different sets of roots
presented in Figure 7. Set a refers to roots that were partly immersed in
D2O at the middle parts, and set b refers to roots that were partly
immersed in D2O at the proximal parts. The bar lines show the range of
radial fluxes for different positions of root calculated by Zarebanadkouki
et al. (2013).

Figure 9. Neutron radiograph of the sample used during daytime
measurement. The radiograph was obtained from stitching four radi-
ographs with marginal overlap. The higher gray value corresponds to
the higher soil water content (dark = wet). The compartments marked
with stars were used for D2O injection during the daytime. The bright
horizontal and vertical strips show the location of the capillary barrier
used to stop the transport of D2O in soil. Note that we irrigated the dry
compartments 1 d before the D2O injection experiment started.
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of the cortical cells was constant along the roots. How-
ever, as roots get older, their cell membrane becomes less
permeable (Bramley et al., 2009). This overestimation
of the diffusion coefficient of the cortical cells in the
proximal root segments would result in a quick equilib-
rium between the D2O concentrations in the apoplastic
and cell-to-cell pathways. In this case, the concentra-
tion of D2O in the root is independent from the path-
ways of water, due to the similar concentration of D2O
in both pathways.

The advantage of our new model compared with the
previous version is that it fully solves the diffusion and
convection of D2O in both radial and axial directions.
In the previous model, D2O diffusion was strongly sim-
plified. There, we assumed an immediate transport of
D2O through the apoplast. We also assumed that the
concentration of D2O in the root stele (45% of root vol-
ume) was uniform. In our new model, we explicitly
solved the diffusion from the root surface to the xylem,
including the endodermis as a layer with reduced dif-
fusion coefficient.

Our new model includes the back diffusion of nor-
mal water from the xylem to the rest of the tissue. The
back diffusion of D2O from the xylem to the rest of the
root tissue becomes significant when roots are partly
immersed in D2O. In this case, normal water is trans-
ported into the segments of the xylem immersed in
D2O. This normal water will diffuse through the root
tissue, and the D2O concentration in the root will not
converge to the concentration of D2O in soil. Addi-
tionally, in our new model, the axial transport of D2O
is fully solved. This allows estimating the profile of
radial flux along the root length with a higher spatial
resolution compared with the previous model. The
previous model estimated the fluxes based on the av-
erage concentration of D2O in the root segment im-
mersed in D2O and had a spatial resolution of around
5 cm.

To calculate jR(x), we assumed that the diffusion co-
efficient of cortical cells and endodermis was constant
during the day and night. Although this choice allows
one to reduce the uncertainty in the parameter estima-
tion, the validity of this assumption should be critically
discussed. In fact, changes in aquaporin’s activity in re-
sponse to variations in the transpiration demand may
alter the diffusion of D2O through the cell-to-cell path-
way, the exchange of D2O between the apoplastic and
cell-to-cell pathways, and the fraction of water flow
through the cell-to-cell pathway l. In the case of an
increased aquaporin activity during the day and a
consequent increase in the diffusion coefficients, our
approach would result in an overestimation of jR(x).
This is probably the most critical problem of our ap-
proach, and it is our priority to properly address it.

Our method and assumptions could be improved by
three-dimensional imaging of D2O transport in the root.
A three-dimensional profile of D2O concentration in roots
might open new possibilities to estimate the relative im-
portance of the apoplastic and cell-to-cell pathways. In
our study, we derived the average concentration of D2O

across roots from two-dimensional radiography, and
the model was employed to best fit the average con-
centration. However, an average concentration of D2O
in the root is obviously not sufficient to estimate the
spatial distribution of D2O across the root tissue. New
advancements in neutron tomography imaging could
also allow quantifying the diffusion coefficient of cor-
tical cells along the root. To this end, tomography faster
than 1 min would be required. While waiting for future
advancements in neutron imaging, we can use our mod-
eling approach to reconstruct the water transport through
the entire root systems.

In conclusion, the significance of this study is the
description of a newmethod to locally quantify the flow
of water into living roots grown in soil. Thanks to this
method, we can measure where roots take up water
from soil. So far, we employed the method to study
lupines growing in sandy, wet soils. As the soil dries,
the hydraulic conductivity of roots and their rhizo-
sphere is expected to decrease, affecting root water uptake.
In these circumstances, the location of root water uptake
may shift to different root segments, for instance to
young and distal root segments covered with hydrated
mucilage, as proposed by Carminati and Vetterlein (2013).
This method would allow testing such a hypothesis. It
would also be of high interest to employ the method to
study water uptake in plants with contrasting root ar-
chitectures and growing in different soil conditions. The
measured water fluxes into the roots can be used to re-
construct the profile of axial and radial hydraulic conduc-
tivities as well as the xylem water potential along the root
system, as done by Doussan et al. (1998). Hopefully, such
information will help to identify the root traits that best
increase the plant efficiency in taking up water from soil.

MATERIALS AND METHODS

Experimental Setup

Soil and plant preparation and image processing were described in detail by
Zarebanadkouki et al. (2012, 2013). Lupine (Lupinus albus) was grown in 25-cm-
wide, 30-cm-high, and 1-cm-thick aluminum containers filled with a sandy soil.
The soil was partitioned into 16 compartments using 1-cm layers of coarse sand
as capillary barriers, which served to limit the diffusion of D2O in selected re-
gions (Fig. 9). The measurements with neutron radiography were conducted
when plants were 18 to 21 d old. The plants were regularly irrigated during
growth. The soil water content in each compartment ranged from 0.1 to
0.2 cm3 cm23 at the beginning of the neutron radiography experiment. We
injected D2O in selected soil regions, and its transport into the roots was
monitored for 2 h using time-series neutron radiography at the imaging sta-
tion ICON at the Paul Scherrer Institute in Switzerland. The measurements
were performed during the daytime when plants fully transpired and during
the nighttime when transpiration was reduced. The sharp contrast between
roots and the surrounding soil allowed us to distinguish and segment the
roots from the soil. The segmented roots were skeletonized, and their lengths
and diameters were calculated using the Euclidean distance. Neutron atten-
uation in the pixels containing roots was the sum of the attenuation coeffi-
cients of the roots and of the soil in front of and behind the roots in the beam
direction (across soil thickness). The actual contributions of water and D2O in
the roots were calculated assuming that the amounts of water and D2O in the
soil in the front of and behind the roots were equal to those of the soil at the
sides of the roots. We calculated the volumetric concentration of D2O in roots
(Cr) and soil (C0) as the thickness of D2O divided by the total liquid thickness
in roots and soil, respectively. More details about the image processing are
found in Zarebanadkouki et al. (2012).
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