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Abstract

While the rhizosphere presents a different chemical, physical and biological environment to bulk soil, most
experimental and modelling investigations of plant growth and productivity are based on bulk soil
parameters. In this study, water and nutrient acquisition by wheat (Triticum aestivum L.) roots was
investigated using rhizosphere- and root-system-scale modelling. The physical and chemical properties of
rhizosphere soil could be influenced by phospholipid surfactants in the root mucilage. Two models were
compared: a 2-dimensional (2D) Finite Element Method rhizosphere model, and a 3-dimensional (3D) root
architecture model, ROOTMAP. ROOTMAP was parameterised to reproduce the results of the detailed 2D
model, and was modified to include a rhizosphere soil volume. Lecithin (a phospholipid surfactant) could be
exuded into the rhizosphere soil volume, decreasing soil water content and hydraulic conductivity at any
given soil water potential, and decreasing phosphate adsorption to soil particles. The rhizosphere-scale
modelling (5 · 5 mm2 soil area, 10 mm root length, uptake over 12 h) predicted a reduction in water uptake
(up to 16% at 30 kPa) and an increase in phosphate uptake (up to 4%) with lecithin exudation into the
rhizosphere, but little effect on nitrate uptake, with only a small reduction in dry soil (1.6% at 200 kPa). The
3D root model reproduced the water (y = 1.013x, R2 = 0.996), nitrate (y = 1x, R2 = 1) and phosphate
(y = 0.978x, R2 = 0.998) uptake predictions of the rhizosphere model, providing confidence that a whole
root system model could reproduce the dynamics simulated by a Finite Element Method rhizosphere model.
The 3D root architecture model was then used to scale-up the rhizosphere dynamics, simulating the effect of
lecithin exudation on water, nitrate and phosphate acquisition by a wheat root system, growing over 41 d.
When applied to growing and responsive roots, lecithin exudation increased P acquisition by up to 13% in
nutrient-rich, and 49% in relatively nutrient-poor soil. A comparison of wheat (Triticum aestivum L.) and
lupin (Lupinus angustifolius L.) root architectures, suggested an interaction between the P acquisition benefit
of rhizosphere lecithin and root architecture, with the more highly-branched wheat root structure acquiring
relatively more P in the presence of lecithin than the sparsely-branched lupin root system.

Introduction

The rhizosphere is not only different chemically,
physically and biologically from bulk soil (Bowen
and Rovira, 1999), but the processes that drive

this difference are complex and spatially and tem-
porally dynamic. Root architecture and physiol-
ogy, root-induced changes in water and nutrient
availability, root exudates, and fungal and bacte-
rial associations (e.g. McCully, 1999; Hinsinger,
2001; Kirk, 2001;Neumann and Römheld, 2002
Gahoonia and Nielsen, 2004), are all components
of the dynamic rhizosphere system. While the
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understanding of many of the individual compo-
nents of the rhizosphere is increasing, the integra-
tion of these components and upscaling to
whole-plants, crops and ecosystems, is an area of
rhizosphere research that is in its infancy. The
ability to integrate rhizosphere processes is impor-
tant for determining the impact of rhizosphere-
scale interactions on plant and crop productivity.

Plant and crop models are tools that can play
a role in integrating rhizosphere processes and
investigating their relative impact at plant and
crop scales. To date, most plant and crop models
have been based on bulk soil parameters, often
incorporating numerical schemes for deducing
nutrient concentrations at root surfaces from bulk
soil parameters (e.g. Baldwin et al., 1973; Darrah
and Roose, 2001; Roose and Fowler, 2004), but
not explicitly representing the rhizosphere as a
volume of soil with properties that can be sub-
stantially different from those of the bulk soil.

While a number of models have been devel-
oped for investigating rhizosphere processes at
the rhizosphere-scale (e.g. Darrah, 1996; Jones
et al., 1996; Calba et al., 1999; Toal et al., 2000;
Kirk, 2002a, b), there is a need to incorporate
rhizosphere-scale interactions into plant and crop
models. Factors such as 2- and 3-dimensional
(2D and 3D) spatial heterogeneity, temporal
dynamics (daily to seasonal scale), crop architec-
ture and crop agronomy could then be consid-
ered, allowing the influence of rhizosphere
processes to be investigated in the context of
other agronomic factors. Toal et al. (2000) dis-
cuss how current rhizosphere carbon flow models
do not consider the consequences of highly over-
lapping and interacting rhizospheres, characteris-
tic in the topsoil of some agronomic and natural
systems. Toal et al. (2000) suggest that 3D root
architectural models could be used to generate
realistic rhizosphere maps for input into rhizo-
sphere carbon flow models. In a rare example,
Arah (2001) included a rhizosphere compartment
into a model of irrigated rice crops. The capacity
to reproduce the process dynamics contributing
to CH4 emission from rice crops, improved when
the rhizosphere compartment was included.

In this study, we used a Finite Element Meth-
od water and solute transport model (based on
Huang et al., 1998), to investigate root water,
nitrate and phosphate acquisition at the rhizo-

sphere-scale. In these simulations soil properties,
out to 1 mm from the root surface, could be af-
fected by lecithin, an analogue for the phospho-
lipid surfactants present in maize, lupin and
wheat root mucilage (Read et al., 2003). Lecithin
has been found to change the water release and
phosphate adsorption properties of soil (Read et al.,
2003). These simulations were designed to investi-
gate the effect of these changes in rhizosphere soil
properties, on water and nutrient acquisition by
plant roots.

A 3D root architecture model, ROOTMAP
(Diggle, 1988; Dunbabin et al., 2002), was used to
scale-up the dynamics predicted from the rhizo-
sphere-scale modelling, to the root-system-scale.
The ROOTMAP model was initially parameter-
ised to reproduce the output from the Finite Ele-
ment Method model. ROOTMAP was then used
to simulate water, nitrate and phosphate uptake
by a growing and responsive 3D wheat root archi-
tecture, to investigate the interaction between root
architectural dynamics, the presence of lecithin in
rhizosphere soil, and resource acquisition. A com-
parison between the architecturally distinct wheat
and lupin root systems was also made.

Materials and methods

The effect of lecithin on soil water release
and P adsorption

In an earlier study, Read et al. (2003) analysed
the phospholipid surfactant content of maize
(Zea mays L. cv. Freya), lupin (Lupinus angusti-
folius L. cv. Merrit) and wheat (Triticum aesti-
vum L. cv. Charger) root mucilage. The lipids
present in the mucilage were principally phos-
phatidylcholines. Read et al. (2003) identified a
commercially available phosphatidylcholine sur-
factant, (soybean) lecithin, which had compara-
ble properties to the measured lipids. Lecithin
was used to test the effect of the phosphatidyl-
choline content of root mucilage on the water re-
lease and phosphate adsorption properties of
soil. When applied to a dark-brown sandy loam
(Bullionfield Soil, strong phosphate adsorber),
lecithin reduced soil water content at all water
tensions (over a range of 0.5–1500 kPa), with the
greatest reduction in water content (up to 10%)
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at low tension (0.5–17 kPa) (Read et al., 2003).
Lecithin decreased hydraulic conductivity in the
rhizosphere by causing larger water-filled pores
to drain. Hydraulic conductivity was reduced by
68–78% over the soil water tension range fo-
cussed on in this current study (30–200 kPa).
Lecithin reduced phosphate adsorption to soil,
increasing the proportion of P in the solution
phase. Lecithin also reduced the rate of N miner-
alisation in soil, possibly through a direct effect
on the microbial population, or as a consequence
of the changed moisture release and P adsorption
characteristics of the soil (Read et al., 2003).

2D finite element method model –
rhizosphere-scale modelling

The rhizosphere-scale modelling was carried out
using a Finite Element Method (FEM) model de-
signed to simulate non-linear soil water flow and
reactive solute transport to cylindrical roots in 2D
unsaturated soil. The model is based on a mass-
conservative Picard iterative scheme (Huang at al.,
1998). It incorporates Richard�s equation for soil
water flow, the advection-dispersion equation for
solute transport, and van Genuchten�s (1980) rela-
tionships for soil water retention and conductivity
(Eqs. 1, 2; see Appendix 1 for equations). Nutri-
ent uptake from grid cells adjacent to the root
surface is calculated using the Michaelis–Menten
kinetic function (Eq. 3), and water uptake at the
root surface is a function of the soil water poten-
tial and the hydraulic resistance of the plant (Eq.
4). The Langmuir equation was used to describe
the phosphate adsorption isotherms (Eq. 5). The
model is coded in Salford Fortran, with visualisa-
tion routines in C++ and Mathematica.

3D root architecture model, ROOTMAP –
whole root system modelling

The ROOTMAP three-dimensional root architec-
ture model is described in detail in Diggle (1988)
and Dunbabin et al. (2002). Briefly, the model
considers soil water and nutrient dynamics, and
root growth responses to these dynamics. Solute
transport is described by the advection-dispersion
equation. Solute concentration at the root surface
is derived from local bulk-soil values (which vary
in 3D space depending upon the grid resolution)
using the Baldwin et al. (1973) model (Eq. 6).

This model uses Michaelis–Menten kinetics to
describe plant capacity to take up ions present at
the root surface (Eq. 3). In this rhizosphere ver-
sion of the model, water and nutrients are trans-
ported between the bulk soil and rhizosphere soil
by mass flow and diffusion. Solute and water up-
take is from the rhizosphere soil volume, and sol-
ute concentrations at the root surface are derived
from the average rhizosphere concentration, using
Eq (6). The water uptake routine is based on the
Feddes sink term (Eq. 7; Feddes et al., 1976). The
redistribution of water in 3D space is described by
Darcy�s law (Eq. 8).

ROOTMAP utilises a positive feedback rela-
tionship between plant demand signals for each
simulated soil resource (water, nitrate and phos-
phate in these simulations), and local supply sig-
nals from each root segment. The interaction of
the supply/demand signals drives the allocation of
internal assimilates, affecting growth rate of root
tips, root branching behaviour, and local nutrient
uptake rates, reproducing the feedback control
systems thought to operate in plants (Clarkson
and Lüttge, 1991; King et al., 1993; Zhang and
Forde, 1998). Each additional unit of nutrient
that the simulated plant obtains, enables it to gen-
erate further assimilates for future growth. This is
a positive feedback relationship, so that prolifera-
tion of roots in local nutrient patches will be
greater when the plant demand for the nutrient is
high, compared to when plant demand is low.

In order to replicate the behaviour of the
Finite Element Method model (described above)
van Genuchten�s (1980) relationships were in-
cluded in ROOTMAP for describing soil water
retention and conductivity (Eqs. 1, 2), and the
Langmuir equation was used to describe the
phosphate adsorption isotherms (Eq. 5).

Model parameterisation

As described above, Read et al. (2003) measured
the effect of lecithin on the water release and phos-
phate adsorption characteristics of Bullionfield
soil. The van Genuchten (1980) expression for soil
water retention (Eq. 1), and the Langmuir expres-
sion for phosphate adsorption (Eq. 5) were fitted
to these experimental data, enabling the two mod-
els to replicate the water release and phosphate
adsorption isotherm characteristics of Bullionfield
soil, with and without lecithin present.
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In order to replicate the water uptake behav-
iour of the Finite Element Method model, the
weighting function for water uptake aw(w) in
ROOTMAP (Eq. 7) was scaled using the fitted wa-
ter release function (Figures 1a, 2). This weighting
function describes the ability of the plant to ex-
tract water from the soil profile as a function of
soil water potential (Feddes et al., 1976).

The ROOTMAP model was modified to in-
clude a rhizosphere soil volume, distinct from the
bulk soil volume. As a root system develops, the
model tracks the development of the rhizosphere
in 3D space. For these simulations, the rhizo-
sphere was defined (in both models) as 1 mm
thick. Lecithin has only recently been identified
in root exudates (Read et al., 2003), with no
published data on its spatial distribution in the
rhizosphere. Rhizospheres have been estimated to
range from 0.5 to 2.0 mm in radius for a range
of species (Toal et al., 2000). Using a root radius
of 0.2 mm (in the 12 h simulations) and a rhizo-
sphere thickness of 1 mm gives a rhizosphere ra-
dius (1.2 mm) at about the mid-point of the
reported range. Lecithin was assumed to be pres-
ent in the whole rhizosphere over the 41 d
simulations. These simulations represent a root

system growing from seed at day 0, and remain-
ing active in growth over the first 41 d. It was
assumed that lecithin would play an important
role for the majority of the young active root
system over this time. Read et al. (2003) showed
that lecithin has an effect on soil properties for a
period of weeks in non-sterile soil, suggesting a
low rate of degradation. Also, lecithin continued
to affect soil properties in draining soil cores,
suggesting a low mobility in the Bullionfield soil.

The initial simulations were designed to repre-
sent water and nutrient uptake at the rhizo-
sphere-scale, with both models set up to replicate
each other so that the two approaches could be
compared. In both models, the rhizosphere soil
had either the same water release and phosphate
adsorption characteristics as the bulk soil, or
these characteristics were altered by the presence
of lecithin (Figure 1). The soil volume in the
ROOTMAP model was 5 · 5 · 10 mm, contain-
ing a 10 mm length of root. The 2D Finite Ele-
ment Method model had a soil area of
5 · 5 mm, with the unit length results multiplied
up for a 10 mm length of root. The ROOTMAP
model had only two soil volumes, the bulk and
rhizosphere volumes, and a time step of 600 s.

Figure 1. (a) Water release curves for Bullionfield Soil, with and without lecithin present. Symbols represent the experimental data
from Read et al. (2003). Lines represent the fit of the van Genuchten (1980) soil water retention equation to the experimental data
(Eqs. 1, 2). (b) Phosphate adsorption isotherms for Bullionfield soil, with and without lecithin present. Lines represent the fit of the
Langmuir phosphate adsorption expression (Eq. 5) to the experimental data of Read et al. (2003).
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The Finite Element Method model utilised a grid
structure comprised of approximately 1152
nodes, 2160 elements, and a time-step of 36 s.
Total water, nitrate and phosphate over 12 h was
calculated. This simulation period was chosen to
correspond with the period of relatively high
transpiration during the day. This 12 h simula-
tion took 0.33 h to >2 h of CPU time (2 GHz
Pentium PC) to run with the Finite Element
Method model, and 5 s (Mac G4) with the
ROOTMAP model.

In both models, the root radius was set to
0.2 mm, and soil density 1100 kg m)3. Initial to-
tal available P was a uniform 177 mg/kg P, and
initial nitrate 80 mg/kg N. Initial soil water po-
tential varied from 30 kPa (0.201 v/v) to 200 kPa
(0.135 v/v). Both models used Michaelis–Menten
kinetics (parameters listed in Appendix).

ROOTMAP was used to investigate the inter-
action between lecithin exudation into the rhizo-
sphere and nutrient acquisition by a growing and
responsive root system. ROOTMAP was param-
eterised with architectural parameters represent-
ing wheat Triticum aestivum L. (with up to 6
seminal axes developing over time, and 1st to 3rd
order laterals). To enable comparison with the
rhizosphere-scale (10 mm root) simulations, all
soil, water and nutrient parameters were left un-
changed (uniform profiles). A second set of simu-

lations were run with half the initial N and P
concentrations (88.5 mg/kg P, 40 mg/kg N, uni-
form initial profiles, concentrations decreasing
over time resulting in a non-uniform final pro-
file). Growth was simulated in a soil volume of
0.14 · 0.14 · 1 m, with no evaporation from the
soil surface and no rainfall. The model was pa-
rameterised to represent a degree of plastic root
growth response to nutrient supply typical of
wheat plants (Robinson, 1994), and overall plant
growth was affected by the level of soil resource
supply. All results are the average of 4 simulations
(replications). Since root growth is partially sto-
chastically determined (Diggle, 1988), multiple
runs with identical parameters produce non-identi-
cal root systems, and some variation in total water
and nutrient uptake. Resource uptake was tracked
for a simulated 41 d (~150 s CPU time, MacG4;
starting from a wheat seed at time 0), with a time-
step of 4 h.

Simulations were also run comparing water,
nitrate and phosphate uptake of the wheat
(Triticum aestivum L.) and a lupin (Lupinus
angustifolius L.) root architecture. The lupin
architecture was represented as a typical tap-
rooted structure, dominated by the 1st order
laterals, with some 2nd order branching
(Dunbabin et al., 2002). All other parameters
were identical for comparing between the two
root architectures. For these root architecture
comparisons, profiles of water, nitrate and phos-
phate availability decreasing with depth were
used (Figure 3), simulating resource availability
more typical of field soils.

Results

The aim of this work was to use lecithin exudation
into the rhizosphere as a case study to investigate
the value of scaling-up rhizosphere processes using
plant models. Results are presented which compare
water, nitrate and phosphate uptake predictions at
the rhizosphere-scale by a detailed Finite Element
Method model. The 3D root architecture model
ROOTMAP, was then assessed for the ability to
reproduce these predictions, and the interaction be-
tween lecithin exudation into the rhizosphere, and
resource foraging by growing root architectures,
was investigated.

Figure 2. Water extraction factor aw(w) (Eq. 7) included in
the water uptake routine of the ROOTMAP model.
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Water, nitrate and phosphate uptake by a
10 mm root segment over 12 h

The 2D Finite Element Method (FEM) model
predictions for water, nitrate and phosphate up-
take (over 12 h by 10 mm of root) are presented
in Figure 4, and are a direct reflection of the ef-
fect of lecithin on the water release and phosphate
adsorption characteristics of Bullionfield soil (Fig-
ure 1). Since lecithin reduces hydraulic conductiv-
ity at any given soil water potential (Read et al.,
2003), water uptake was lower in the presence of
lecithin, due to reduced transport across the rhizo-
sphere. This effect was greatest at the wetter end of
the scale, where water uptake over the 12 h was re-
duced by up to 16% (Figure 4a). Lecithin in the
rhizosphere had little effect on nitrate uptake over
the 12 h (Figure 4b). Since the initial nitrate con-
centration in these simulations was relatively high
(80 mg/kg N, representing Bullionfield soil, Read
et al. 2003), nitrate uptake was not transport lim-
ited over most of the moisture range, only falling
at the drier end of the scale (Figure 4b). In con-
trast to this, phosphate uptake (Figure 4c) was
transport limited over the entire moisture range.
Lecithin reduces phosphate adsorption, increasing
the proportion of phosphate in solution phase

(Figure 1b), hence P uptake was higher with leci-
thin present in the rhizosphere (Figure 4c). Since
all simulations had the same initial total available
P (177 mg/kg P), all were operating in the same re-
gion of the P adsorption isotherm (Figure 1b),
with lecithin providing ~6% increase in P availabil-
ity, resulting in a 3–4% increase in P uptake over
the entire moisture range.

The 3D ROOTMAP model reproduced (R2 =
0.995–1.0) the output of the 2D FEM model, for
water, nitrate and phosphate uptake over the en-
tire range of initial soil water potentials, and at all
points over the 12 h time period (Figure 5).

Water, nitrate and phosphate uptake by a
growing and responsive root system

The fundamental difference between the simula-
tions of a whole root system and those of a
10 mm section of root, was the ability of the
root system to grow and respond to the soil envi-
ronment (initially uniform profiles become more
heterogeneous through time due to local water
and nutrient depletion). All results are presented
as the ratio of resource uptake, or root growth,
with lecithin present in the rhizosphere, relative
to without. At the drier (relatively resource

Figure 3. Soil nitrate (mg/kg N), total available P (mg/kg P) and water content (v/v) profiles used in simulations comparing re-
source acquisition by the contrasting lupin and wheat root architectures.
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limited) end of the scale, root surface area was
5–7% greater with lecithin exudation into the rhi-
zosphere, than without (Figure 6b). The increase
in P uptake (10–13%, 75–200 kPa; Figure 6b)
was greater than that predicted from the rhizo-
sphere-scale modelling (Figure 6a). On a per unit
of root surface area basis, however, the P-benefit
of lecithin exudation was similar to the 10 mm
root case (Figure 6a, c). Lecithin had a decreas-
ing effect on water acquisition in progressively
drier soil, with the trend similar in the two scales

of modelling (Figure 6a, b). Since relative root
growth increased in drier soil (Figure 6b), the de-
crease in water uptake was similar across the
moisture range, when expressed on a per unit of
root surface area basis (Figure 6c).

Relative nitrate uptake showed a very differ-
ent trend in the whole root system modelling. Ni-
trate uptake was not transport limited over most
of the moisture range for uptake by 10 mm of
root over 12 h (Figures 4b, 6a). In contrast, ni-
trate depletion zones, and hence zones of relative

Figure 4. Cumulative resource uptake over 12 h by 10 mm section of root, with a range of initial soil water potentials, with or
without lecithin present in the rhizosphere – output from the 2D Finite Element Method model. (a) Cumulative water uptake
(mL). Percentage decrease in water uptake, due to lecithin being present in the rhizosphere is indicated on graph. (b) Cumulative
nitrate uptake (lmol). Percentage decrease in nitrate uptake indicated on graph. (c) Cumulative phosphate uptake (lmol). Percent-
age increase in phosphate uptake indicated on figure.
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transport limitation, can develop around a whole
root system (of complex root architecture) that is
growing for 41 d. A reduction in both water and
nitrate content in the rhizosphere leads to a
decreased supply of N to the root surface by

both mass flow and diffusion. The effect of
lecithin on nitrate (mobile resource) acquisition
by the wheat root system followed the same
trend as for water (mobile resource) uptake
(Figure 6b, c).

Figure 5. Comparison between the 2D Finite Element Method model and the 3D root architecture model ROOTMAP predictions
of (a, b) water (mL), (c, d) nitrate (lmolN), and (e, f) phosphate (lmolP) uptake (for a 10 mm section of root). Data included are
for the entire moisture range (30–200 kPa), and at intervals of 0.5 h over the 12 h simulations.
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Simulations of resource acquisition from
relatively nutrient poor soil (half the previous
initial nutrient level; 88.5 mg/kg P, 40 mg/kg N),
showed a different response characteristic to the
results for relatively nutrient-rich soil. The bene-
fit of lecithin exudation for phosphate acquisition
was greater over the whole moisture range (Fig-
ure 7a). Even on a per unit of root surface area
basis (Figure 7b), the benefit for P acquisition

was still 15 (75, 200 kPa) to 20% (30 kPa) great-
er in the lower nutrient soil (Figure 6c). There
was a greater increase in root growth at the drier
end of the scale (Figure 7a), and as a result,
there was a smaller decrease in water and nitrate
acquisition (Figures 7a, 6b). The water and nitrate
uptake response was similar at both nutrient levels
when expressed on a per unit of root surface area
basis (Figures 6c, 7b).

Figure 6. Water, nitrate and phosphate uptake and root surface area when lecithin is exuded into the rhizosphere relative to when
there is no lecithin exudation. Relative uptake results from the (a) 10 mm root modelling; (b) the wheat (Triticum aestivum L.) root
system modelling; and (c) the wheat root system modelling presented per unit of root surface area. The results for the wheat root sys-
tem are the average of 4 model runs (replications). Initial N concentration 177 mg/kg N, initial P concentration 80 mg/kg. The verti-
cal bars represent ± s.e.
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Figure 7. Water, nitrate and phosphate uptake and root surface area when lecithin is exuded into the rhizosphere relative to when
there is no lecithin exudation, with half the initial nitrate and total available P content. Initial N concentration 88.5 mg/kg N, ini-
tial P concentration 40 mg/kg. Results from the (a) wheat (Triticum aestivum L.) root system modelling; and (b) the wheat root
system modelling presented per unit of root surface area. The results are the average of 4 model runs (replications). The vertical
bars represent ± s.e.

Figure 8. Example of the wheat (Triticum aestivum L.) and lupin (Lupinus angustifolius L.) root architectures used to investigate the
effect of architectural form on water and nutrient acquisition by root systems exuding or not-exuding lecithin into the rhizosphere.
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Comparing nutrient acquisition by contrasting
wheat and lupin root architectures

The results from simulations comparing wheat
(Triticum aestivum) and lupin (Lupinus angustifo-
lius) root architectures (Figure 8), suggest that
root architectural form, and hence foraging po-
tential, may influence the role that lecithin plays
in nutrient acquisition from the rhizosphere.
The simulation results show greater relative
phosphate and nitrate acquisition, and greater
relative root growth, for lecithin present in the
wheat rhizosphere, than in the lupin rhizosphere
(Figure 9). In these simulations, with nutrient
and water availability declining with depth
through the soil profile (Figure 3), the wheat re-
sponse (Figure 9) was similar to that in the pre-
vious low water, low nutrient simulations
(200 kPa, Figure 7). Water and nitrate uptake
by the lupin root system was considerably re-
duced when lecithin was present in the rhizo-
sphere (Figure 9).

Discussion

The results presented in this study highlight the
value of investigating rhizosphere processes not
only at the rhizosphere-scale, but also at the
whole-plant scale. The degree to which lecithin
exudation was predicted to be a cost or benefit
to resource acquisition, changed between the
scale of modelling, the level of resource supply,
and the root architecture (Figures 6, 7, 9). With-
out the ability to represent growing, responsive
root systems, rhizosphere-scale modelling is lim-
ited in its capacity to investigate the implications
of rhizosphere processes on whole-plants.

The influence of lecithin on water and nutrient
uptake at the rhizosphere-scale

Rhizosphere-scale modelling predicted a drop in
water uptake of up to 16% (Figure 4a) in re-
sponse to lecithin exudation, and an increase in
phosphate uptake of a modest 3–4%, due to

Figure 9. Comparison of root growth, and water, nitrate and phosphate uptake by wheat (Triticum aestivum L.) and lupin (Lupi-
nus angustifolius L.) root systems. Results are for uptake with lecithin exudation relative to without. Results are presented on a per
unit of root surface area basis in (b). The vertical bars represent ± s.e.
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decreased P adsorption. The challenge is to inter-
pret these results in the context of a whole root
system growing in a spatially and temporally var-
iable environment. Growing and responsive root
systems, rainfall frequency, seasonal variation in
environmental factors, non-uniform nutrient dis-
tributions, fertiliser application, and potential
interactions with bacterial populations and
mycorrhizal fungi, all complicate the nutrient up-
take environment, potentially overshadowing any
3–4% increase in phosphate availability and up-
take.

It is important to note, however, that phos-
phorus is essentially a non-renewable resource,
and of all the major nutrients, phosphorus is the
least mobile, limiting crop production in most
soils worldwide (Hinsinger, 2001). A 3–4% in-
crease in availability may, therefore, represent an
important increase in the potential for phosphate
acquisition that could be exploited for improving
the phosphate efficiency of crop varieties. P
nutrition is such a valuable component of crop
productivity that the capacity of lecithin to
increase P availability to plants shows sufficient
potential to justify further investigation.

The influence of lecithin on water and nutrient
uptake at the root-system-scale

The close agreement between the 2D Finite Ele-
ment Method (FEM) and 3D ROOTMAP mod-
els (Figure 5) provided the confidence that a
whole root system model could reproduce the
dynamics simulated by a more computationally
expensive (FEM) rhizosphere model. ROOT-
MAP was then used to investigate some of the
possible interactions between lecithin production
and nutrient acquisition by growing and responsive
root systems, over a longer time-scale.

Nitrate acquisition showed a different trend
in the root system modelling, compared to that
predicted from the rhizosphere-scale modelling.
While nitrate uptake was not transport limited in
the simulations of uptake by 10 mm of root over
12 h (Figures 4b, 6a), there was a substantial
reduction in the rhizosphere nitrate and water
content of the root system growing over 41 d.
This limited nitrate transport to the root surface
by mass flow and diffusion. The presence of leci-
thin further reduced water transport to the rhizo-

sphere (lower hydraulic conductivity), resulting in
a decrease in water uptake of up to 20%. Nitrate
uptake, inturn, decreased by up to 15% (30 kPa,
Figure 6b), due to decreased nitrate transport by
mass flow and diffusion. Also, lower resource
uptake meant less root growth. This had a small
effect on resource uptake early in the simulation,
when water and nutrient contents were still high.
The greatest impact came later in the 41-d period
when there was a substantial reduction soil
resources. A reduced growth rate meant a
reduced capacity to explore and access new,
un-depleted soil volumes, restricting the root sys-
tem to already depleted zones.

The decrease in nitrate uptake may be exacer-
bated further when considering the contribution
of N mineralisation to N uptake. Read et al.
(2003) found that lecithin reduced the rate of N
mineralisation in Bullionfield soil. In soils where
N mineralisation provides all, or a large propor-
tion of the plant available N, any reduction in
the rate of N mineralisation may have a signifi-
cant effect on N acquisition. This may be partic-
ularly true in topsoil layers where organic N
contents are highest, and root length density, and
the proportion of rhizosphere soil, is also highest.

In addition to the work of Read et al. (2003),
other investigations have shown that root muci-
lage may reduce water content and water trans-
port in rhizosphere soil. Whalley et al. (2004)
found that the infiltration of water into the rhi-
zosphere of maize was significantly lower than
into bulk soil, with a corresponding reduction in
hydraulic conductivity. Whalley et al. (2004)
hypothesised that the higher density of the rhizo-
sphere soil (caused by the displacement of soil
particles as roots elongate) may explain the lower
hydraulic conductivity in the rhizosphere com-
pared to bulk soil.

Czarnes et al. (2000) found that polygalacturon-
ic acid (PGA; used as a root mucilage analogue),
reduces water sorptivity and increases water repel-
lency on soil surfaces, resulting in a slower rate of
water infiltration into rhizosphere soil. While the
immediate implication of this is reduced water
availability, Czarnes et al. (2000) suggested that
PGA (root mucilage) may stabilise soil aggregates
in the rhizosphere, increasing soil strength and
dampening the wetting and drying cycles that can
crack and destabilise rhizosphere soil.
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It is clear from these examples that water
dynamics in the rhizosphere are complex, and
may be influenced by a range of factors. While
rhizosphere soil density and the chemical content
of root mucilage may act to reduce water infiltra-
tion into rhizosphere soil, mucilage may help to
stabilise rhizosphere soil aggregates, improving
root-soil contact. Further research is needed to
develop a better understanding of the costs and
benefits of root mucilage to water and nutrient
acquisition at the rhizosphere and plant scales.

From the ROOTMAP simulations, the benefit
of lecithin for P acquisition was 8% greater for a
growing root system, than a static, 10 mm sec-
tion of root (Figure 6a, b). This was due largely
to an increase in root growth, with uptake per
unit of surface area similar between the two
scales of modelling (Figure 6a, c). The modelled
plant (with phosphate-limited growth) utilised
the additional phosphate taken up (with lecithin
present) to produce additional internal assimilate
for future growth. This feedback system led to a
larger plant with a larger root system for further
P foraging. The benefit was greatest in the driest
soil (200 kPa; Figure 6b), suggesting that plants
growing in relatively resource-poor soil may gain
the greatest benefit from increased P availability
in the rhizosphere. Low resource supply places a
limit on plant and root growth. Increased growth
due to an increase in P availability can enable
the root system to explore new, un-depleted soil
volumes, further increasing access to P. The sim-
ulations with half the initial nitrate and phos-
phate content support this, with the benefit of
lecithin for P acquisition 10–27% greater than in
the high-nutrient case.

The work of Liebersbach et al. (2004) also
suggests that plants may receive the greatest ben-
efit from compounds in root mucilage when soil
is dry. Mucilage from water-stressed plants in-
creased P concentration in soil solution under
dry conditions, which intern increased P uptake
by oat and sugar beet in dry soil (Liebersbach et
al., 2004). The rate of mucilage exudation by oat
and maize has been found to increase in dry soil
(Czarnes et al., 2000; Liebersbach et al., 2004),
further suggesting that the exudation of mucilage
may be a mechanism for improving nutrient
availability when soil water content is low.

Since the FEM model took anywhere from
0.33 h to >2 h to simulate uptake over 12 h (see

Model Parameterisation section), there was a
limit in the ability to represent agriculturally
important time-scales. The ROOTMAP model,
on the other hand, represented a potentially low-
er degree of detail and accuracy, using a coarser
grid and larger time-step. ROOTMAP did, how-
ever, reproduce the FEM model results well (Fig-
ure 5) and could run the same simulation in a
fraction of the time (5 s), and easily represent
time-scales of months (41 d taking around 150 s
to run in these simulations). This ability to simu-
late root systems growing over months and sea-
sons is important for scaling-up rhizosphere
processes, and investigating their impact on plant
and crop growth over a growing season.

The interaction between root architecture and
resource acquisition, with and without lecithin
exudation

Phospholipid surfactants have been found in maize,
lupin and wheat root mucilage (Read et al., 2003).
While the relative effect of these lipids on resource
acquisition by the three species is not known, differ-
ences in root architecture, and hence resource for-
aging capacity, may be important. This is an area
where root architectural models can play a role in
scaling-up and investigating interactions between
rhizosphere processes and root foraging potential.

Simulations of the contrasting wheat (Triticum
aestivum L.) and lupin (Lupinus angustifolius L.)
root architectures (Figures 8, 9), suggested that a
wheat root architecture may gain a greater benefit
from lecithin exudation into the rhizosphere, than
a lupin root architecture. Previous theoretical
studies have certainly shown that root architec-
ture can play an important role in the efficiency
with which mobile and immobile nutrients are ac-
quired from soil.

Studies by Fitter and colleagues (Fitter, 1985,
1987; Fitter et al., 1991) have suggested that
highly branched root architectures are more effi-
cient at the capture of immobile ions, such as
phosphate, than more sparsely branched root
systems. In addition to this, Lynch and Brown
(2001) demonstrated, through modelling and
plant experiments, a link between the capacity
for topsoil foraging and the phosphate acquisi-
tion efficiency of bean cultivars. These findings
support the results of this study, which suggest
that due to the foraging strategy, a highly
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branched wheat root system may take greater
advantage of increased phosphate availability
(with lecithin), than a lupin root system.

The wheat root system (Figure 8) had multiple
root axes, maximising the total volume of soil ex-
plored, and up to 3 orders of branching, maximis-
ing intensity of resource exploration, particularly
in the relatively nutrient-rich topsoil layers (Fig-
ure 3). In contrast, the lupin root architecture
consisted of only the single main axis, first order
branches, and limited second order branching.
This root architecture had limited potential to
plastically respond to the non-uniform resource
supply, and was particularly limited in the capac-
ity to allocate roots to, and hence forage in, the
resource-rich topsoil layers. The benefit of lecithin
exudation for P acquisition by lupin-type root
architectures cannot, however, be discounted. The
lupin root architecture did still obtain a P benefit
from lecithin exudation into the rhizosphere, and
while less nitrate was acquired (Figure 9), this will
have a reduced effect on N2-fixing plants.

Conclusion

Much of the value of modelling lies in the ability
to represent and investigate complex and inacces-
sible systems. To quantify experimentally the
effect that phospholipid surfactants, present in
root mucilage, have on water and nutrient acquisi-
tion by plants, a mutant not producing these lipids
would be required for comparison with lipid-pro-
ducing plants. In the absence of such a mutant,
the modelling exercise undertaken in this study
provides the important first-step in investigating
some of the interactions between lecithin exuda-
tion and resource acquisition. In particular, this
study highlights the value of including rhizosphere
processes into plant and crop models for investi-
gating the effect of responsive root growth and
root architecture, and agriculturally relevant time-
scales, on resource acquisition in plant systems.

Appendix 1

h ¼ hs � hr
½1þ ðawÞn�m þ hr m ¼ 1� 1=n ð1Þ

K ¼ KSH
1=2½1� ð1�H1=mÞm�2

¼ KS
½1� ðawÞn�1½1þ ðawÞn��m�2

½1þ ðawÞn�m=2
ð2Þ

H = normalised volumetric water content; h =
volumetric water content; hs, hr = saturated and
residual volumetric water contents; a, n = fitting
parameters; W = soil water potential; K = unsat-
urated hydraulic conductivity; Ks = saturated
hydraulic conductivity. n(lecithin) = 1.1932; n(no
lecithin) = 1.2121; a(lecithin) = 1.1566; a(no leci-
thin) = 0.5428; hs = 0.5926; Ks = 0.0026.

I ¼ Imax
c� cmin

Km þ ðc� cminÞ
ð3Þ

I = influx of solute; c = concentration of solute;
cmin = solute concentration at zero net influx;
Km = kinetic constant. Imax = 15 nmol m)2 s)1,
Km = 10 mmol m)3, Cmin = 0.1 mmol m)3, for
phosphate uptake. Imax = 1.0 lmol m)2 s)1,
Km = 10 mmol m)3, Cmin = 0.1 mmol m)3, for
nitrate uptake (pers. comm. D. Robinson).

Q ¼ ws � wl � DP
R

ð4Þ

Q = transpiration rate; Ws = soil water potential
at the root surface; Wl = leaf water potential;
R = hydraulic resistance of the plant. DP = min-
imum pressure difference required for water flow
in the plant. Wl = )0.5 MPa constant.

x ¼ QbC

1þ bC
ð5Þ

x = solute adsorbed solid phase P; C = solute
concentration of liquid phase P; Q = maximum
adsorption capacity; b = affinity coefficient.
Q(lecithin) = 11.863; Q(no lecithin) = 12.745;
b(lecithin) = 6.828; b(no lecithin) = 3.584.

d �Cli

dt
¼�2paiaiLi

b
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ð6Þ

Sw ¼ TmaxawðwÞLðx; y; zÞ ð7Þ
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Sw = water uptake rate; Tmax = maximum tran-
spiration rate; w = soil water potential in the
rhizosphere; L(x, y, z) root length density in 3D
space.

q ¼ �Krw ð8Þ

q = water flux; K = unsaturated hydraulic con-
ductivity; w = soil water potential.
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