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Abstract

Background Three—dimensional root architectural
models emerged in the late 1980s, providing an opportu-
nity to conceptualise and investigate that all important
part of plants that is typically hidden and difficult to
measure and study. These models have progressed from
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representing pre—defined root architectural arrangements,
to simulating root growth in response to heterogeneous
soil environments. This was done through incorporating
soil properties and more complete descriptions of plant
function, moving into the realm of functional-structural
plant modelling. Modelling studies are often designed to
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investigate the relationship between root architectural
traits and root distribution in soil, and the spatio—temporal
variability of resource supply. Modelling root systems
presents an opportunity to investigate functional tradeoffs
between foraging strategies (i.e. shallow vs deep rooting)
for contrasting resources (immobile versus mobile re-
sources), and their dependence on soil type, rainfall and
other environmental conditions. The complexity of the
interactions between root traits and environment empha-
sises the need for models in which traits and environmen-
tal conditions can be independently manipulated, unlike
in the real world.

Scope We provide an overview of the development of
three—dimensional root architectural models from their
origins, to their place today in the world of functional—
structural plant modelling. The uses and capability of
root architectural models to represent virtual plants
and soil environment are addressed. We compare fea-
tures of six current models, RootTyp, SimRoot,
ROOTMAP, SPACSYS, R-SWMS, and RootBox,
and discuss the future development of functional-
structural root architectural modelling.

Conclusion Functional-structural root architectural
models are being used to investigate numerous root—
soil interactions, over a range of spatial scales. They
are not only providing insights into the relationships
between architecture, morphology and functional effi-
ciency, but are also developing into tools that aid in the
design of agricultural management schemes and in the
selection of root traits for improving plant perfor-
mance in specific environments.

Keywords Functional-structural modelling -
Heterogeneous soil environments - Nutrient acquisition -
Root architecture - Root growth - Root modelling -
Simulation - Three dimensions (3D) - Water uptake

Introduction

Root system architecture (RSA) is a fundamental com-
ponent of plant productivity. It determines the capacity
for a plant to forage for, and acquire, resources in the
dynamic and variable soil environment (Fitter 2002;
Lynch 2005, 2007; Pages 2011; Lynch and Brown
2012). How roots are spatially distributed through soil
impacts on a range of plant functions including; anchor-
age, storage, transport, the acquisition of spatially vari-
able resources (mobile and immobile), and competition
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for space, water and nutrients (Smith and De Smet 2012).
While the notion of an ‘optimal’ root architecture is com-
plex (Robinson 1988; Fitter 1991; Dunbabin et al. 2003b),
the concept of ‘tailoring’ root systems to specific environ-
ments in order to improve crop productivity is gaining
momentum (Dunbabin et al. 2003a, 2004; Wu et al.
2005; de Dorlodot et al. 2007; Lynch 2007; Gregory et
al. 2009; Ao et al. 2010; Bingham and Wu 2011; Chen et
al. 2011; Lynch and Brown 2012). World phosphate re-
serves are limited and agricultural management practices
will need to be adapted to incorporate crop species that can
produce yield under less phosphate fertilisation (Smith and
de Smet 2012). Increased droughts and changes in climate
will also increase stress on crops. Specifically adapted
cultivars will be required in some areas in order to sustain
yields. Much of this adaptation is due to the below ground
parts, since they are the sites of soil-plant interactions.

A range of root traits have been linked to plant per-
formance in specific environments (e.g. Gahoonia and
Nielsen 2004; Lynch 2007; Lynch and Brown 2012).
Root length and surface area play an important role in the
uptake of both immobile and mobile soil resources
(Briick et al. 1992; Lynch and van Beem 1993; Wiesler
and Horst 1994; Brady et al. 1995; Dunbabin et al.
2003a, b, 2004; Zhu and Lynch 2004; Liao et al.
2006). Fine roots and fine root structures, including root
hairs and cluster roots, define the precision with which
plants forage, enabling small localised soil volumes to be
exploited with high efficiency (Campbell et al. 1991;
Grime et al. 1991; Eissenstat and Yanai 1997; Bates
and Lynch 2000; Gilroy and Jones 2000; Lambers et
al. 2006, 2011). Rooting depth plays an important role in
reducing nitrogen losses through leaching and improving
drought tolerance (Thorup-Kristensen 2001; Dunbabin
et al. 2003a; Ho et al. 2005; Steele et al. 2007; Bernier et
al. 2009), while shallow rooting is important for the
acquisition of immobile resources such as phosphorus
(P) (e.g. Lynch and Brown 2001; Zhu and Lynch 2004).
Thus, for resource acquisition it is important that the
distribution of roots through the soil profile coincides
with the distribution of resources in the soil profile. The
simulation of RSA reduces the root distribution problem
to measurable phenes (phenotypic traits under genetic
control) such as root angles, growth rates of individual
root tips and branching frequencies, root traits that may
be under tight genetic control, and therefore amenable to
targeting in breeding programmes (Pagés 2011).

The capacity of root systems to respond to spatially
and temporally variable resource supply plays a role in
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the efficient acquisition of water and nutrients (Robinson
1994, 1996; Lynch and Brown 2001, 2012; Dunbabin et
al. 2004; Walk et al. 2006). Plants generally respond to
low nutrient availability by reducing shoot growth, there-
by reducing their leaf and stem mass fractions (Poorter et
al. 2012b). Root growth rates are often less affected and
may even increase, only reducing at the more severe
stress levels. However, even when resource availability
has no effect on the total length or biomass of the root
system, there are often strong changes in RSA in re-
sponse to resource availability (Smith and De Smet
2012). For example, common bean genotypes often
increase the root surface area in the relatively P—rich
topsoil layers by increasing basal root shallowness and
adventitious rooting in response to low soil P availability
(Liao et al. 2001; Lynch and Brown 2001; Miller et al.
2003). Shallow seminal rooting in maize also improved
phosphorus acquisition efficiency in low—phosphorus
soil (Zhu et al. 2005), whereas greater lateral root length
and density in maize improved P acquisition and plant
growth under low P availability (Zhu and Lynch 2004).

Plants can respond locally to the spatially and tem-
porally variable soil environment through a number of
mechanisms, including: root hair morphology, root ex-
udation, cluster root growth, up-regulation of nutrient
transport carriers, and locally enhanced root prolifera-
tion (Robinson 1994, 1996, 2005; Dinkelaker et al.
1995; Ryan et al. 2001; Vance et al. 2003; Gahoonia
and Nielsen 2004; Lambers et al. 2006, 2008, 2011;
Lynch 2007; Lynch and Brown 2008; Zhu et al.
2010b). These local plasticity responses allow plants to
forage with precision in a spatially and temporally het-
erogeneous environment, minimising the metabolic cost
of soil exploration by matching plant investment in root
biomass and root function with resource supply in soil
(Dunbabin et al. 2003b; Lynch 2007).

The diverse range of complex interactions between
root systems and their soil environment, and the diffi-
culties associated with visualising and measuring them,
make studying the plant-soil continuum a challenge.
This paper will elucidate the role that root architectural
models play in investigating these interactions. Three—
dimensional root architectural models hold particular
promise because they allow the precise description of
root architecture in space and time, down to the individ-
ual root level (Diggle 1996; Pages 1999). The models
provide a framework for studying the growth of root
systems in response to supplies of soil resources that
vary in space and time, and are a valuable tool for the

visual communication of complex ideas (Diggle 1996;
Doussan et al. 2003; de Dorlodot et al. 2007).

Development of three—dimensional root architecture
models

Increases in computing power in the 80s and 90s enabled
the development of more complex root models. Previous
models relied upon one-dimensional functions of
rooting depth vs time (Subbaiah and Rao 1993), or
two—dimensional functional descriptions of root length
densities with time and depth, such as diffusion—based
models and percentage—distribution—with—depth models
(Page and Gerwitz 1974). They were limited in their
application and unable to accurately represent three—
dimensional root systems (Hutchinson 2000). The root
growth model of Lungley (1973) was the first true archi-
tectural model. It described, in two—dimensional radial
coordinates, the growth of a tap root and two orders of
laterals, with fixed growth rates and branch spacing, and
a slope increment for the first order laterals. Even though
this model was simple in its function, it was the precursor
for the suite of three—dimensional (3D) root architectural
models that were developed in the 80s and 90s (Deans
and Ford 1983; Diggle 1988a, b; Pagés and Aries 1988;
Pages et al. 1989; Fitter et al. 1991; Clausnitzer and
Hopmans 1993, 1994; Lynch et al. 1997; Spek 1997).

Root architectural simulation models explicitly sim-
ulate the architecture of root systems in 3D space
(Figs. 1, 2 and 3). RSA is usually represented by
connected points. Growth rates, growth direction and
branching patterns typically need to be provided in order
to simulate the development of the root system. The
earliest 3D root architecture model is that of Deans
and Ford (1983), developed for representing tree root
systems. While few details of the model were provided,
it was capable of representing excavated tree root sys-
tems, and considering the effect of wind pressure on tree
development. Models for representing annual fibrous
root systems quickly followed, and employed similar
methods to each other for describing the basic growth of
aroot (Diggle 1988a; Pages et al. 1989; Clausnitzer and
Hopmans 1994). They used a set of growth rules, which
are applied to a series of root types or classes, with each
root type having its own characteristic set of growth
parameters (Fig. 1). In ROOTMAP (Diggle 1988a, b),
root elongation rate, branching density and branching
delay time are the primary growth parameters.
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a) 3 seminal axes

deflection index axes 0.25 (low)
deflection index branches 0.2 (low)
geotropism index axes 0.5 (moderate)
geotropism index branches  0.25 (low)
initial branch angle 90°

number of root orders 3

b) 1 seminal +
6 nodal axes

¢) 1 tap root

d) 1 tap root

0.4 (moderate) 0.25 (low) 0.25 (low)

0.4 (moderate) 0.25 (low) 0.3 (moderate)
0.5 (moderate) 0.8 (high) 0.7 (high)

0.2 (low) 0.5 (moderate) 0.2 (low)

90° 50° 90°

2 3 3

Fig. 1 Four contrasting root architectures simulated using the ROOTMAP model of 3D root architecture. Parameter values for root
deflection index, geotropism index, initial branch angle and number of root orders are given

The ability to utilise both time and distance
parameters allows root age factors to play a role
in determining root growth and branching (Diggle
1988b, 1996). Random deviation is typically used
in root architectural models to determine root de-
flection, combining a deflection index (tendency to
deflect from the previous growth direction) with a
geotropism index (tendency for a root to grow
preferentially downward) (Fig. 1; Diggle 1988c;
Pagés et al. 1989; Clausnitzer and Hopmans
1994; Lynch et al. 1997). The stochastic elements
of these models allow simulated root systems to
bend and deflect in a similar way to that observed
in the field, without requiring knowledge of the
complex phenomena that govern root deflections
(Pages 1999).
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Using root architectural models to represent real
root systems

Visual comparison of simulated root architectures re-
veals that the developmental architectural modelling
approach can represent the root architecture of a di-
verse array of plant species (Figs. 2, 3 and 4; Pages et
al. 2004; Pierret et al. 2007; Leitner et al. 2010a; Chen
et al. 2011), with larger architectural features often
better represented than small-scale morphology.
Root architectural models typically require a larger
set of parameters compared to more commonly used
root distribution models. The advantage is that those
parameters are directly and independently measurable
and thus the models are less reliant on calibration
alone. This provides an opportunity to investigate
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a

im

Fig. 2 Rendering of different root architectures simulated
by the 3D root architectural model SimRoot at 40 days after
germination. Roots have been dilated for better visibility,
the deepest roots are at about 1.50 m. a Lupin, with a
relatively small root system with strong primary root
growth and relatively short first and second order laterals.
b Bean, with a primary root in the middle, 8 basal roots
coming from the base of the hypocotyl (these basal roots
may grow longer than the primary root). The relatively fine
hypocotyl-borne roots emerge later. All major root axes
have first order laterals. Strongly developed first order
laterals may have secondary order laterals. ¢ Squash, with

a strongly developed conical primary root. From the prima-
ry roots many lateral branches appear, and some may grow
up to a meter long and have secondary growth. Lateral
branching goes up to three orders. Total length is compa-
rable to bean, despite the larger shoot size of the squash
plant. d Maize, with the most extensive (~0.5 km) and
complex root system of all four species shown, comprising
a primary root, three seminal roots, successive whorls of
crown roots increasing in diameter and the early develop-
ment of brace roots. All major root axes have first order
laterals of which some develop second and third order
laterals

0

DEPTH (cm)
—40
1

-80
L

Fig. 3 Three kinds of root systems simulated with RootTyp
(Pages et al. 2004). a Secondary root system, with a large
number of adventitious roots originating from the base of the
plant. It is typical of many monocotyledonous species (e. g.
poacee family). Self-pruning has started at the base of the oldest
nodal roots. b Primary root system, found in dicotyledonous

species. The central taproot is apparent, and exhibits significant
radial growth at this stage. The main lateral roots are partially
self-pruned in their old proximal part. ¢ Secondary root system,
whose main roots originated from a horizontally growing rhi-
zome. The particular shape and structure of this root system
emerged from its specific developmental pattern
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Fig. 4 a Observed 2D Trifolium repens root system (15 days
SPACSYS model. From Wu et al. (2007)

and test at a mechanistic level, the processes and in-
teractions occurring in the plant-soil system. These
interactions are complex, and models provide an op-
portunity to reduce the number of experiments needed
to investigate them, targeting experimentation to those
combinations that, according to the simulation exer-
cise, may be of special interest (Meyer et al. 2009;
Lynch 2011). Such models can be also used in an
inverse mode to estimate root parameters which are
hardly measurable in situ. Garré et al. (2012) tried to
optimize several of these parameters by inverse
modelling based on mini-rhizotron measurements.
Although their set-up was not optimal enough to get
a good appraisal of these parameters, they nicely il-
lustrated that combining these models with a powerful
optimization algorithm could be highly relevant for
future studies.

Large numbers of parameters also bring about a
limitation to models, with unintended interactions be-
tween model parameters and the uncertainties associated
with each parameter due to measurement error. It is
important to understand the degree to which individual
parameters, measurement error associated with those
parameters, and the choice of model algorithms, affect
model behaviour. Unfortunately, these types of in-depth
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after seedling transplant) and b) simulated 3D root system using the

investigations are rarely done for individual crop and
plant models. Sensitivity analysis approaches do exist,
however, that enable parameter-intensive models to be
investigated, and need to be applied not only for under-
standing individual models, but also for benchmarking
across models (Morris 1991; Saltelli et al. 2000;
Dunbabin 2007).

The representation of root architecture has been
useful for studying those geometric aspects of root
systems that are often difficult to determine experi-
mentally. For example, the fractal dimensions of dif-
ferent root architectures might be genotype specific
(Bohn et al. 2006) and potentially correlate with nu-
trient uptake under field conditions (Nielsen et al. 1998;
Walk et al. 2004). However, less abstract measures can
also be insightful. Virtual coring may explain how root
length densities in cores from the field depend on the
coring position relative to the plant (Miguel et al. 2012).
Simulations may explain how root architecture affects
the number of roots seen at different positions in
minirhizotron tubes (Pages and Bengough 1997), and
for investigating field estimations of root length densi-
ties (Bengough et al. 1992). Root architectural models
may also be used to understand how root length distri-
bution with depth changes over time, and can thereby be
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Fig. 5 Seminal root systems of three wheat plants simulated
with ROOTMAP. 1.) Left plant was grown with a band of
phosphorus fertiliser placed at a depth of 6 cm below the seed.
Proliferation of roots around the band of fertiliser can be seen in
the top-soil. 2.) The middle plant was grown with no added

used to generate input for crop models (Wu et al. 2007,
Postma et al. 2008). With this approach, root architec-
tural traits can be linked with crop performance in the
field, combining the mechanistic elements of the root
architectural models with the predictive power of crop
models (Bingham and Wu 2011).

Root models are increasingly capable of representing
root growth in response to objects and barriers in soil
(Figs. 5 and 6; Table 1; Leitner et al. 2010b; Dunbabin et
al. 2011). The ROOTMAP model, for example, has
been modified to represent barriers, enabling the model

Hard soil layer

fertiliser P, and with roots growing into a hard layer of soil (grey
box, penetration probability 0.6) at a depth of 16-22 cm. This
hard layer of soil has restricted subsoil exploration by the root
system. 3.) Right plant was grown without P fertiliser and
without changes in soil penetrability down the profile

to simulate the direction of root growth being affected
by the presence of impenetrable objects such as pot
walls, divisions in split-pot experiments and rocks
(Dunbabin et al. 2011). Roots can also interact, through
having their direction and rate of growth, and root
thickness changed (Bengough et al. 2011; Bengough
2012), with objects of varying degrees of permeability
such as harder layers in soils (Fig. 5). This provides an
opportunity to understand the significance and rele-
vance of plant behaviour in pots (Poorter et al. 2012a)
and to scale up pot studies and other artificial
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Fig. 6 a Root growth and (b) phosphate uptake by a growing root
system as affected by inhomogeneous (split pot) initial phosphate
distribution simulated by RootBox. The initial phosphate concen-
tration in the right half of the pot was twice (1e-4 umol cm ) that
of the left half (0.5e-4 umol cm ), resulting in a denser root

environments in which root systems are confined, to
unbounded field environments.

The development of new non—destructive measure-
ment techniques for imaging root architecture in situ
has triggered renewed interest in the geometric prop-
erties of root systems. Techniques such as tomography
in transparent gels (Clark et al. 2011), computed tomog-
raphy (CT, Flavel et al. 2012), neutron radiography
(Oswald et al. 2008) and magnetic resonance imaging
(MRI, Jahnke et al. 2009; Schulz et al. 2012) make it
possible to determine non—destructively the geometric
properties of real root systems, allowing researchers to
distinguish closely related genotypes, and to study plas-
ticity responses to environmental factors. Interpretation
of the acquired 3D datasets, however, remains difficult.
Root architectural models may aid in the interpretation
ofthe observed architectures. Schulz et al. (2012) used a
root architectural model to test algorithms that were
developed for segmenting roots from MRI images.
Functional interpretation from such images was done
by Pohlmeier et al. (2010), who used the root architec-
ture of actual plants, imaged with MRI, to simulate
water uptake from soil. This highlights another aspect
of root architectural models, namely that they have
moved beyond only representing root architecture, to
providing a functional interpretation of root system
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system in the right half. Simulation time was 20 days. Spatial
resolution along root axis was 0.2 m, resolution of soil model
was 0.5 cm. Phosphate uptake was computed via a sink term in the
CDE by averaging the P influxes into the root segments over the
representative elementary volumes given by the cubes

architecture and describing benefits and tradeoffs of
specific architectures in different environments
(Dunbabin et al. 2003a, 2004; Ho et al. 2005). These
models are being increasingly defined as functional-
structural root models, or functional-structural plant
models, for those models containing shoot modules.

Simulating root systems in their environment- soil,
water and nutrient dynamics and carbon utilisation

The original root architecture models were restricted
to growing pre—defined root architectures (Diggle
1988a; Pages et al. 1989; Pages 1999). It was, how-
ever, quickly identified that the real value of these
models would be in the capacity to represent dynamic
root systems that both modify, and are modified by,
their environment, with individual roots responding to
local conditions (Pages 1999, 2000; Doussan et al.
2003). Experimental evidence has shown that the co-
ordinated responses of root systems are an important
aspect of plant function, particularly under heteroge-
neous resource supply (Drew et al. 1973; Drew and
Saker 1975). In order to represent responsive root
growth, root architecture models are coupled with a
model of the soil environment. Water and nutrient
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uptake are important root functions, and the root sys-
tem is an important sink for carbohydrates. The ex-
plicit nature of the models allows for precise account-
ing of carbon costs, and the relatively mechanistic
implementation of nutrient and water uptake.
However, the processes involved in plant resource
acquisition occur at vastly different scales, from the
size of uptake transporters at the molecular level to the
scales of practical applications, i.e., root system and
field scales. Suitable up-scaling methods can link the
information across scales without losing relevant in-
formation (Roose and Schnepf 2008).

Up-scaling from the single root to the root system scale

For small root systems, direct solution of the three-
dimensional problem using the root surfaces as geo-
metric boundaries in a numerical simulation are feasi-
ble (see Fig. 7). For large root systems, this is mostly
too computer intensive, and up-scaling methods pro-
vide suitable tools to develop simpler effective equa-
tions that still include all the relevant information from
the smaller scale(s). Leitner et al. (2010c) modelled
phosphate uptake by a small (12 days old) maize root
system explicitly in three dimensions. The results
compared well to the model presented in Roose et al.
(2001), where phosphate uptake was computed by up-
scaling an approximate analytical solution for the sin-
gle root model to the root system scale.

In every up-scaling/averaging process information is
lost. The art is to use up-scaling methods that keep just
enough information to adequately describe the problem,
while keeping the simulation numerically tractable.
Leitner et al. (2010c) used the root surfaces of a three-
dimensional root system as geometric boundaries in a
soil model, which is the most accurate spatial descrip-
tion of the problem. However, this approach is limited
by the large memory requirements, as well as the diffi-
culties in the numerical implementation, and thus can
only be used for small root systems with few side
branches. Advantages of this approach include, first,
the possibility of verifying simplifications that are made
in the up-scaling process. Second, it is possible to extend
existing models by including spatial heterogeneities.
The proposed method can access inter-root competition,
root dynamics, as well as differences in root function
along the root axis.

Various mathematical up-scaling methods are avail-
able for dealing with problems that have complicated

@ Springer

microscopic geometries such as root systems. The aim
is to simplify those problems in order to reduce com-
putational expense (Wallstrom et al. 2002). Recently,
the method of homogenisation was applied to model
phosphate uptake by a root with root hairs (Leitner et
al. 2010c; Ptashnyk 2010; Zygalakis et al. 2011) and
by cluster roots (Zygalakis and Roose 2012). For up-
scaling from single root to root system scale, the most
widely used method is to use a root architecture model
coupled with a soil model and to average root uptake
over a certain soil volume (Somma et al. 1998;
Dunbabin et al. 2006; Javaux et al. 2008; Bear and
Cheng 2010; Schnepf et al. 2012). Yet the question of
the appropriate soil voxel size is still open (Schroder et
al. 2009a) and may depend on the type of process
being simulated.

For the purpose of up-scaling, less computer inten-
sive density-based models were presented by Dupuy et
al. (2010). Such models are continuous spatial models of
root density that include more developmental parame-
ters than root depth models. Dupuy et al. (2010) suggest
that such models could have a wide range of applica-
tions, particularly where classic architectural models are
faced with computational limitations, for example pop-
ulation models or breeding scenarios, or due to the
difficulty in calibrating the models efficiently.

Simulation of water and nutrient uptake is challenging
especially if we consider the soil conditions in the rhizo-
sphere around the roots, which are often quite different
from those in the bulk soil. Rhizosphere processes are
known to play an important role in plant phosphate
acquisition, for example; however they are still poorly
accounted for in models of plant nutrition (Hinsinger et
al. 2011). With respect to nutrients of low mobility such
as phosphate, Hinsinger et al. (2011) discuss several
rthizosphere processes that are still lacking in crop
models. Strategies to increase phosphate availability in
soil related to rhizosphere biophysics include root archi-
tecture, root hairs or root extensions by mycorrhizal
hyphae. Strategies related to rhizosphere biogeochemis-
try are for example the exudation of protons, carboxyl-
ates or phosphatases. Other potential strategies could
exploit traits related to the physiology of associated
microorganisms, either symbiotic such as mycorrhizal
fungi or free-living rhizosphere microorganisms such as
phosphate-solubilising bacteria and fungi.

The problem partly arises from the different scales
which easily vary by two to three orders of magnitude
or, in three dimensions, 6—9 orders (Postma et al. 2008).
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Fig. 7 Explicit three-dimensional simulation of water uptake by
a 13 day old maize root system. The root system was computed
using the RootBox model, the finite element mesh (a) was
computed in Matlab and the dynamics of water movement in
the soil were simulated with Comosol Multiphysics: (a)

‘While most root architectural models do poor justice to
these scale differences, several solutions have been tried
with R-SWMS. Schrdder et al. 2009b) demonstrated
that in their scenario, a fine finite—element grid gave a
more accurate solution than a coarse grid, and that the
grid refinement can be localized around the roots with-
out loss in accuracy. A priori grid refinement can there-
by significantly reduce the computational time of a
simulation. However, most of the gain of a locally
refined grid was lost when the grid could not be refined
a priori, but had to be adapted to the (changing) archi-
tecture of the root system during simulation. The grid
refinement method allowed Schrdoder et al. (2008) to
estimate the effect of local soil drying around the roots
on root water uptake; they concluded that extraction of
water by the roots resulted in local drying of the rhizo-
sphere, reducing the hydraulic conductivity of the rhi-
zosphere and thereby limiting further water uptake by
the roots (similar conclusions were reached by Van Lier
et al. 2006; Metselaar and Van Lier 2007).

Transparent representation of the finite element mesh on which
the water content was computed. The mesh is finer close to the
roots than away from them.; (b) Effective saturation after two
hours at initial effective saturation 0.2; (c¢) Effective saturation
after two hours at initial effective saturation 0.4

Simulating water uptake dynamics

Soil water dynamics are a fundamental component of
the plant—soil system, directly affecting plant productiv-
ity and crop yields. A number of modelling approaches
have been adopted to investigate the interaction between
soil water dynamics and root architecture. Clausnitzer
and Hopmans (1994) were the first to combine a root
architectural model with a 3D hydrological model in
order to simulate water uptake by root systems. The root
water uptake term was computed by dividing transpira-
tion over the root length. Somma et al. (1998) developed
the code further by allowing the water uptake activity of
the roots to change with root age. In the same year,
Doussan et al. (1998) presented an alternative approach
in which water flow transport equations were not only
solved for the soil, but also for the plant. This approach
allowed roots in wetter soil regions to compensate for
roots in dryer soil regions; it required an understanding
of the radial and lateral conductivities of the root system
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and was used to show that xylem development may,
under specific conditions, limit water uptake from
deeper soil layers (Pierret et al. 2007). Using this ap-
proach, Doussan et al. (2006) simulated water depletion
from soil by contrasting lupin root architectures. The
model represented contrasting extraction fronts for the
two root architectures, simulated the zone of active
water uptake moving across the root system with time,
and water release from the roots into the top—soil
through a process of hydraulic lift from moist sub—soil
layers. This combination of root architecture, root

Fig. 8 Explicit three-dimensional simulation of root water up-
take using R-SWMS (cyan color denotes removed soil water);
roots are colored according to xylem pressure head from red
(low) to blue (high); Detail shows particles within the roots; in
this case, particles are generated at the root tips and transported
via advection towards the root collar as would occur for instance
with ABA

@ Springer

system hydraulic properties and water transfer through
soil was a significant advance in plant—soil water model-
ling, representing a complete soil-plant continuum driv-
en by water potential gradients. This approach holds the
potential for very detailed investigations of the soil
water interactions that occur in real root systems, con-
tributing to the understanding of the hydraulic architec-
ture of root systems.

The models of Doussan et al. (2006) and Somma et
al. (1998), were merged into one 3D root—soil water
model named R-SWMS (Javaux et al. 2008 ; Draye et
al. 2010; Pohlmeier et al. 2010; Table 1; Fig. 8; also see
further detail below). Javaux et al. (2008) used the R—
SWMS model to investigate further the relative contri-
butions of root and soil hydraulic conductivities to water
uptake by roots. The modelled scenarios showed the
complexity of root—soil water interactions, and the in-
ability of the traditional 1D sink terms for water uptake
to represent water dynamics at the plant scale. Draye et
al. (2010) elegantly demonstrated the potential for this
modelling approach to investigate a wide range of root—
soil-water interactions, with the potential for manipu-
lating root hydraulic architecture as a means of improv-
ing water uptake efficiency of crop plants. The influence
of soil hydraulic conductivity on soil water gradients
across a root system, the effect of root hydraulic prop-
erties on water uptake with soil depth, and the effect of
3D root architecture on water uptake from soil were all
investigated using this modelling approach.

Even though many of the detailed 3D root modelling
approaches are computationally intensive (e.g., Doussan
et al. 2006), a number of models have recently been
developed that use approximate approaches for
representing the relatively coarse spatial and time scales
associated with tree modelling (Kalliokoski et al. 2010;
Mulia et al. 2010; Wagner et al. 2010, 2011). For exam-
ple, Janott et al. (2011) detail an approach in which they
combine a 1D tree hydrodynamics model with a 3D
architectural representation of above— and below—ground
tree elements to characterise the effect of root and shoot
architecture on transpiration and water uptake at longer
time—scales. This approach represented diurnal fluctua-
tions in transpiration, daily water balance dynamics, daily
fluctuations in xylem diameter, and hydraulic lift.

Simulating nutrient uptake dynamics

In the same year in which Clausnitzer and Hopmans
(1994) published a root architectural model with water
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uptake, Nielsen et al. (1994) presented the first nutri-
ent model, named SimRoot. The model calculated
phosphorus uptake by root systems by estimating the
volume of the depletion zones around the roots using
the approach of Nye and Tinker (1977). This method
was used to evaluate the P acquisition strategy for
different root architectures (Lynch and Beebe 1995),
for estimating how gravitropic responses effect com-
petition between roots (Ge et al. 2000; Rubio et al.
2001) and to understand the architectural tradeoffs
between root classes (Walk et al. 2006). Estimation
of the volume of depletion zones in SimRoot, however,
was done as a post-simulation analysis. Dynamic
simulation of phosphorus uptake was developed later
by implementing the Barber—Cushman model, which
is a 1D radial model simulating the development of the
depletion zones around the roots, in conjunction with
the Michaelis—Menten kinetics of nutrient absorption
by the roots (Postma and Lynch 2011Db).

oc, . 0°C
(9+b)§—D19fW (1)

aCl - Fmax(clfcmin)

Dygf =L — T maxi=l min)
o Ky + C—Coin |

at r =r (2)

oC
“L=0 or C;=Cp, at r=rl, and
or ’

C = C]_’(), att=20

where C; is the nutrient concentration in soil solution,
C; ¢ is the initial nutrient concentration in soil solution,
t is the time, 7 is the radial distance from the root axis,
ro 1s the root radius, »; is the mean half distance
between roots, 0 is the volumetric water content, b is
the buffer power, D, is the diffusion coefficient in
water, f is the impedance factor, F,,,,, K,, and C,,,
are Michaelis Menten parameters.

Roose et al. (2001) and Roose and Kirk (2009)
provided approximate analytical solutions for the 1D
radial nutrient uptake model with a Michaelis-Menten
boundary condition at the root surface, for the cases
when convective transport both can, and cannot, be
regarded as negligibly small compared to diffusion.
These solutions facilitate up-scaling to the root system
scale, accounting for the dynamic development of the
depletion zone (e.g. Roose and Fowler 2004). Baldwin

et al. (1973) provided a steady-state approximation to
this model, but showed that there is only good agree-
ment between between the approximate solution and the
numerical solution of the full problem when uptake is
relatively small compared to diffusion.

Simulation of nitrate uptake is made difficult by the
mobility of nitrate in the soil. The first nitrate model
(Somma et al. 1998) solved the dispersion advection
equation in the soil domain and computed uptake using
Michaelis—Menten kinetics. Somma et al. (1998) were
among the first to incorporate the nutrient status of the
entire plant as a factor in the 3D modelling of root
growth. In their model, root elongation was affected
by temperature, soil strength and nutrient concentration
when these properties fell outside an optimum range,
and the resultant elongation was scaled according to the
amount of biomass allocated to the root system. Over
time, these approaches have not changed substantially,
although different models have used somewhat different
formulations for how the concentration in the finite
element grid (used to solve water and solute transport
in the soil) relates to the concentration at the root sur-
face. These differences maybe of importance mostly
when the finite element grid is relatively coarse.

ROOTMAP uses a particle tracer approach for
visualising the bulk movement of nitrate solute in
light, sandy soils (Dunbabin et al. 2002a, Table 1).
The bulk movement of nitrate in water can be the
result of rainfall-induced leaching, or water move-
ment towards roots as a result of water uptake. The
particle—tracking approach is based on an approximate
solution to the convection—dispersion equation (Rose
et al. 1982a, b). Small “packets” of nitrate (pseudo
ions) represent the spread of nitrate ions through the
profile (Diggle 1990), allowing the bulk movement of
nitrate through sandy soils to be visualised.

Partitioning of resources for root growth

Roots not only acquire resources from the soil, but
also require resources from the plant for growth and
maintenance. The explicit nature of root architectural
models allows relatively easy accounting of the con-
struction and maintenance costs. Early development
mostly focussed on carbon requirements of, and car-
bon allocation within, the root system. The first archi-
tectural models to include a carbon model were
SimRoot (Nielsen et al. 1994) and the Clausnitzer
and Hopmans model (Clausnitzer and Hopmans
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1994). SimRoot was used to estimate the carbon cost
of different root architectures relative to their phos-
phorus uptake capacity. Although cost—accounting is
relatively easily done, the means by which carbon is
allocated is less straight forward. Clausnitzer and
Hopmans (1994) and Somma et al. (1998) incorporat-
ed a source/sink component into their model, using the
amount of available carbohydrates within the plant to
scale the growth of all roots. Thaler and Pages (1998)
developed a source/sink model that allocated carbohy-
drates to roots dependent upon their sink strength for
assimilates, as determined by the apical diameter of
the root. The apical diameter was initially based upon
the root type and then had the potential to increase and
decrease, along with the root elongation rate,
according to the level of carbohydrate supply. The
model was able to simulate the relationship between
the periodicity of shoot and root growth, and so is a
valuable tool for studying the growth coordination
between roots and shoots. Bidel et al. (2000) devel-
oped a detailed model of carbon transport and
partitioning, simulating photo-assimilate flow along
phloem vessels to individual meristems, representing
carbon transport around the root system and the sub-
sequent growth of individual root tips. This approach
was capable of investigating carbon concentration gra-
dients across root systems over time, and the differ-
ences in the development of contrasting root architec-
tural arrangements (Bidel et al. 2000).

From responsive root models to whole—plant models

Root models are being continuously developed to
better represent roots as integrated, responsive com-
ponents of a whole—plant and a whole plant—environ-
ment system (Pages 2000). As a result, root architec-
tural models are being increasingly promoted as func-
tional-structural models. Functional—structural models
have been described as virtual plants (Xu et al. 2011).
They are spatially explicit, defining 3D plant architec-
ture, and the effect of physiological processes and the
external environment on plant development at the
individual segment scale, and the whole—plant scale
(Godin and Sinoquet 2005; Vos et al. 2010). Plants are
divided into individual organs and individual organ
segments, whose development, structure and function-
ing are modified by internal signalling between or-
gans, as well as interactions with the external

@ Springer

environment; this is an ideal format for investigating
interactions and feedback processes in the plant—soil
continuum (Vos et al. 2010).

The L—systems modelling structure (Prusinkiewicz and
Lindenmayer 1990; Shibusawa 1994; Prusinkiewicz
2004) has been adopted in a number of functional-struc-
tural plant models. The L-system modelling approach of
Han et al. (2011) showcases the capabilities of the modern
functional—structural root architecture models. A function-
al-structural 3D root architectural model was used to
investigate nodule production in soybean. Simulated root
systems and nodulation patterns represented well those
measured in the glasshouse, providing an opportunity to
investigate the internal plant signalling processes that
regulate nodule production in legumes. The authors high-
light that this approach could be extended to simulate
other signalling—based root-regulation activities such as
lateral root initiation. Combining this signalling approach
with resource supply to the plant and assimilate allocation
within the plant holds the potential for investigating a
range of as yet poorly understood signalling processes
within root systems, and their affect on root system de-
velopment across a range of environments.

Putting six current models under the spotlight —
RootTyp, SimRoot, ROOTMAP, SPACSYS,
R-SWMS, and RootBox

A broad range of root architectural modelling ap-
proaches exist, each of them varying in their
parameterisation and functionality. In Table 1, we have
listed the features of six functional-structural models of
root architecture, RootTyp, SimRoot, ROOTMAP,
SPACSYS, R-SWMS, and RootBox, which have been
used for a range of root modelling studies. All six
models can represent root architecture with high accu-
racy (Pages et al. 2004; Bingham and Wu 2011; Chen et
al. 2011). Although from a systems description point of
view all six models are similar, they actually have quite
different simulation approaches. ROOTMAP has a
strong emphasis on root system plasticity and simulates
root proliferation, whereas SimRoot emphasises re-
source acquisition and utilisation. SPACSYS has an
emphasis on crop modelling, enabling predictions of
crop biomass and yield to be coupled to root-soil dy-
namics. R—-SWMS is a detailed root—soil hydrology
model, capable of investigating root hydraulic architec-
ture and the efficiency of water uptake by root systems.
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RootTyp is a detailed, dynamic root architecture simu-
lator that has been designed to represent a wide range of
plant species, and can be coupled with soil models for
detailed studies of root-soil interactions. RootBox is an
L-systems model of root growth and development
implemented in a flexible Matlab structure that is pub-
licly available, and allows individual modules and algo-
rithms to be easily interchanged and tailored to specific
simulations. This section highlights the similarities and
differences between these six models, and high-
lights the range of modelling applications for which
they were designed.

RootTyp

The RootTyp model (Pages et al. 2004; Table 1; Fig. 3;
email: Loic.Pages@avignon.inra.fr) has been developed
to simulate the dynamics of root system architecture
(RSA) for a large diversity of plant species (including
tree species), as well as developmental stages and soil
conditions. For this purpose, several concepts have been
generalized and extended regarding root development
and root-soil interactions, enabling flexibility. This
model was originally focused on root development,
and was a synthesis of the extensive knowledge on
RSA dynamics. It contains only a simplified soil module
(Table 1), but was designed to be merged with other
more detailed models that provide a dynamic represen-
tation of the soil with relevant attributes (e. g. water
transport: Doussan et al. 2006; Draye and Pagés 2007;
Pierret et al. 2007; Javaux et al. 2008).

As suggested in its name, the RootTyp modelling
approach relies on the definition of “root types”,
which formalize the different root categories that can
be generally distinguished from direct observations,
and have different developmental behaviors of their
root tip (e.g. elongation rate and duration, tropism,
branching density). Such categories can represent ei-
ther different branching orders, like in most original
models (e. g. Diggle 1988a, b; Pagés and Aries 1988),
or they can reproduce groups having a common mor-
phogenetic origin. For example, seminal roots on one
hand, and nodal roots on the other hand, can be sep-
arated into different types in monocotyledonous spe-
cies, since they have different origins and growth
characteristics. Similarly, “early lateral roots” have
been distinguished in young rubber trees (Le Roux
and Pagés 1994), as a distinct group of roots that
appear around the taproot near the plant collar. When

the user defines such root types, they must define the
associated sets of parameters to quantify their main
developmental traits. Hence, the number of types,
which reflects the level of detail, directly impacts the
number of parameters in the model. An interesting
aspect of this type of model is that each parameter
can be estimated independently from the others by
simple observations on root systems. Thus, parameters
have a straightforward biological significance. In the
original presentation of the model (Pages et al. 2004),
the calibration was roughly achieved and illustrated on
several species with various structures. Following pa-
pers have provided further detail on the calibration
procedure for RootTyp wusing different datasets
(Collet et al. 2006; Garré et al. 2012).

RootTyp is a stochastic model, including several
stochastic processes. It is now common to include
randomness in geometrical characteristics, like initial
emergence angles, or root trajectories. In addition,
more specifically in this model, numbers and locations
of roots of different types, as well as their growth
function, are also affected by some hazard. This
stochasticity impacts the root system morphology,
and may have a functional significance, as discussed
by Forde (2009).

Another original feature of the RootTyp model is its
ability to combine many developmental processes,
which have been shown to notably contribute to the
root system dynamics. In addition to root elongation
and acropetal branching (commonly included in RSA
models), RootTyp also considers different modalities
of adventitious root emission, as well as radial growth,
branching by reiteration and root decay - abscission.
The actual importance of these processes depends on
the considered species and on the considered stages.
For example, radial growth is a very significant pro-
cess for dicotyledonous species. It strongly influences
the shape of their root system, it involves a significant
amount of biomass and it deeply modifies the func-
tional attributes of the root system. Namely, it allows
the plant to reinforce its sap conducting capacities and
anchorage power. Reiteration formalizes an interesting
branching process, described mainly in tree root sys-
tems (Vercambre et al. 2003; Collet et al. 20006), in
which an apical meristem is substituted at a given
stage by several equivalent meristems. This process
gives typical forks on the main roots (macrorhizae) of
the system, and leads to a particular and significant
space colonization. Root decay and abscission have
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also a considerable impact on aged root systems, and
are obviously essential for the soil ecosystem.

Regarding environmental interactions, it is worth
noting that two developmental processes (elongation
and branching) are influenced by the soil medium
during simulation with RootTyp. The soil is an explicit
model component represented by at least a set of piled
layers containing the information that is considered to
be relevant in each particular situation. It includes the
major determinants of soil constraints acting on root
development, namely soil strength, temperature, oxy-
gen or nutrient availability depending of the particular
environmental conditions. Elongation is affected in
both intensity and direction (randomly or vertically
oriented constraint). Branching density is also poten-
tially influenced by the local soil properties. This
allows the model to represent, for instance, the effect
of particular conditions prevailing in superficial layers
that provide oxygen and significant amounts of nutri-
ents. In the original version (as presented in Pages et
al. 2004), the soil was a fixed component. It was
included primarily to represent the influence of major
features of the soil morphology, such as contrasted
horizons, strong layers, cracks, biopores, etc. It was
also designed to be the explicit interface component
between root and soil dynamic models. This capacity
has been used, afterwards, by models focused on water
movement in the soil-plant system (Doussan et al.
2006; Draye and Pages 2007).

SimRoot

The SimRoot model of Lynch et al. (1997; Table 1;
Fig. 2; http://plantscience.psu.edu/research/labs/roots/
methods/computer/simroot; email: jpl4@psu.edu) was
developed with the capacity for the kinematic descrip-
tion of root axis growth. It reconstructs the root archi-
tecture based on empirically derived growth rates,
branching frequencies and growth angles. Any of the
parameters can optionally be defined as time-
dependent arrays with a stochastic component.
Reconstruction of the root system architecture allows
precise accounting of processes which are simulated at
the root segment scale, for example root respiration,
exudation and nutrient uptake. These processes are
typically associated with root architectural attributes
such as root class, diameter and age. Accounting of
these processes has the potential to provide valuable
data on factors such as the costs and benefits to a
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whole root system of old versus new, and rapid versus
slowly growing roots. SimRoot makes few assump-
tions about how roots respond to the environment,
with growth rates and branching typically simulated
as a function of carbon status only. It is thereby as-
sumed that growth responses, for example to soil
impedance, are known before hand, and are accounted
for in the parameter set.

The SimRoot model has been used to simulate the
interaction between root systems and phosphorus ac-
quisition efficiency at a range of spatial scales, focus-
sing on the functional tradeoffs between root architec-
tural arrangement and phosphorus uptake. Ge et al.
(2000) and Walk et al. (2006) used SimRoot to inves-
tigate the effect of root architecture and P supply on
the phosphorus acquisition efficiency of common
bean. Modelling confirmed experimental studies,
showing that shallower root systems (increased adven-
titious rooting and lower basal root angle) acquire
more phosphorus due to increased root foraging in
the relatively phosphorus—rich topsoil layer. Ma et al.
(2001) used SimRoot to investigate the effect of root
hair architecture on phosphorus acquisition efficiency
of Arabidopsis. This approach simulated depletion
zone overlap and hence competition between root
hairs by varying hair length, density, distance from
first hair to root tip, and number of trichoblast files.
The modelling approach investigated not only the
individual effects of varying individual root hair traits,
but demonstrated that combining all four root hair
traits had a greater combined effect on phosphorus
acquisition than that predicted from the individual
effects alone.

While earlier publications used predefined carbon
budgets to compare different root architectures of simi-
lar cost, recent studies with SimRoot have simulated this
using typical crop growth routines linking (nutrient
dependent) shoot growth to photosynthesis. SimRoot
represents plant shoots as leaf and stem pools that con-
tribute to plant carbon through photosynthesis, and drive
phosphorus uptake through phosphorus demand
(Postma and Lynch 2011a, b, 2012). The carbon module
in SimRoot balances carbon supply from the seed and
photosynthesis, with growth of leaves (increase in leaf
area) and the extension, thickening, respiration, N—fix-
ation and exudation of roots (Postma and Lynch 2011a,
2012). Using the modified SimRoot model and incorpo-
rating a root cortical aerenchyma (RCA) module,
Postma and Lynch (2011a) investigated the role that


http://plantscience.psu.edu/research/labs/roots/methods/computer/simroot
http://plantscience.psu.edu/research/labs/roots/methods/computer/simroot

Plant Soil (2013) 372:93-124

111

RCA plays in the efficient acquisition of phosphorus by
maize and common bean. Using this approach, Postma
and Lynch (2011a) were able to demonstrate theoretical
support for the hypothesis that RCA are an adaptive trait
for the acquisition of phosphorus and nitrogen in low—
fertility soils, with the relative benefit of RCA being a
function of both root architecture and root physiology
(Postma and Lynch 2011a, b). Field experimentation
seems to confirm the utility of RCA under drought
(Zhu et al. 2010a).

Postma and Lynch (2012) used SimRoot to compare
the soil foraging and resource acquisition of maize, bean
and squash monocultures, with polycultures of the three.
This type of study highlighted the true strengths of 3D
functional-structural modelling. Resource acquisition
by contrasting root architectures and plant functionality
is a spatial problem involving interactions between dif-
fering plants, directly competing in a common soil en-
vironment. The capacity to investigate multiple planting
schemes, multiple root architectures and multiple re-
source availability (nitrate, phosphorus, potassium),
provided an insight into resource foraging by crops that
cannot be readily obtained experimentally. This simula-
tion study suggested that competition between root sys-
tems for mobile resources (nitrogen) was reduced in
polycultures due to contrasting root architectures
exploiting complementary parts of the rooting zone.
This resulted in greater nitrate uptake and greater bio-
mass production in polycultures (compared to mono-
cultures) growing in low—nitrogen soils.

The inclusion of root morphological and anatomical
features such as secondary root thickening, loss of root
cortex, root hairs and root cortical aerenchyma, sets
SimRoot apart from the other models (Table 1). Model
development has focussed upon those traits that are
likely to be under strong genetic control, and have the
potential to be selected for in breeding programmes for
enhanced phosphorus uptake efficiency. Current devel-
opment of SimRoot continues to focus on the simulation
of functional benefits and tradeoffs of root anatomical
traits. RootScan (Burton et al. 2012) is software that
semi—automates the analysis of root anatomical traits
from cross sections, thereby enabling high throughput
phenotyping for anatomical traits. Simulation of these
traits, as for example done for the formation of root
cortical aerenchyma (Postma and Lynch 2011a, b), may
aid a better understanding of the functions and tradeoffs
that lay behind the observed phenotypic variability.
SimRoot has thereby developed into a computational tool

for investigating the plant phenome, with special atten-
tion to anatomical and architectural phenes. SimRoot’s
deficiency in simulating root plasticity (Table 1), as a
root trait that is likely to be under genetic control, is an
obvious draw back compared to several other models,
but incorporation into the model of plasticity responses
to both non—directional (e.g. concentrations) and direc-
tional (e.g. concentration gradients or soil impedance)
soil conditions is currently underway.

SimRoot is parameterized from empirical data of
actual plants grown in the field, in soil mesocosms, and
in solution culture. Because of the need to consider the
spatial and temporal distribution of parameters within
and among root classes, many of these parameters were
obtained from empirical research conducted in parallel
with SimRoot modeling, including root anatomical and
architectural phenotypes, growth rates, respiration, tissue
nutrient content, and nitrate uptake kinetics (eg. Ge et al.
2000; Liao et al. 2001; Walk et al. 2006; Zhu et al.
2010a; Postma and Lynch 2011b). This empirical work
encompasses phenotypic profiling of large numbers of
genotypes; in the case of maize, anatomical and archi-
tectural data is available for over 7,000 wild and culti-
vated maize taxa (Burton et al. 2013). This permits a
comprehensive range of phenotypes to be modelled.
Other parameters were obtained from the published lit-
erature, as noted in Postma and Lynch (2011a,b, 2012).
Parameters have not been estimated by fitting
(calibrating) the model to an empirical dataset, a practice
which can generate logical errors. It is important to note
in this context that although SimRoot predicts the growth
of maize and bean plants up to 42 days after planting
fairly accurately (Ge et al. 2000; Walk et al. 2006;
Postma and Lynch 2011a, b), SimRoot is intended to be
a heuristic rather than a predictive model, which places
emphasis on the validity of the underlying processes and
parameters, rather than agreement with any specific
growth measurements.

ROOTMAP

The ROOTMAP (Diggle 1988a,b; Table 1; Figs. 1 and 5;
http://www.plants.uwa.edu.au/research/rootmap; email:
art.diggle@agric.wa.gov.au) model of root growth and
architecture was modified to include a 3D dynamic,
heterogeneous soil environment and to represent root
growth responses to that environment (Dunbabin et al.
2002a). Solutes are transported to the root surface by
mass flow and diffusion (advection—dispersion equation)
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using a spatially variable grid. Michaelis—Menten kinet-
ics describe plant capacity to take up ions at the root
surface, and ions in solution phase can be transported
(leached) after rainfall events by bulk water flow
(Table 1; Dunbabin et al. 2002a). Water is lost from the
soil surface via evaporation, and is taken up by the plant
from each local soil volume as a function of pan evapo-
ration, effective crop cover, local soil properties, and local
root surface area (Dunbabin et al. 2009), and the redistri-
bution of water in 3D space is described by Darcy’s law.
The phosphate routine models the reactivity of the labile
phosphate solid—liquid phases across 3D space at each
time—step (Dunbabin et al. 2009).

ROOTMAP uses a black-box biomass provider to
represent the shoot system, or uses an optional
Woodruff-Hammer wheat module (Hammer et al.
1987) for estimating the biomass accumulation and
grain yield of wheat (Dunbabin et al. 2009). This
module can be substituted for other crop biomass
simulators for feedback between the 3D root system
and soil environment and crop development. All 6
models differ in how the shoot system is represented
(see Table 1), ranging from not considered at all
(RootBox) to black-box biomass providers (RootTyp,
ROOTMAP), to shoot structural carbon pools
(SimRoof) and crop shoot models (SPACSYS). One
of the defining features of the SimRoot and SPACSYS
models is the capacity to integrate root systems into a
whole—plant model, where the role of carbon accumu-
lation, shoot development and yield (in the case of
SPACSYS) can be linked to soil water and nutrient
dynamics and root architecture and growth.
Simulations undertaken with ROOTMAP to date (with
the exception of wheat modelling, Dunbabin et al.
2009), have assumed carbon supply to be non—limit-
ing, and have focussed solely on root systems and
root—soil dynamic interactions and plastic root growth
responses. The modular structure of the ROOTMAP
model lends itself to being used as a module in crop
simulators, or incorporating an existing biomass sim-
ulator into it, enabling a greater representation of root—
shoot interactions.

ROOTMAP can represent whole-root system re-
sponses to resource supply, as well as localised nutrient
uptake and root proliferation responses to local nutrient
patches (Fig. 5; Dunbabin et al. 2002a). The model
simulates the feedback between plant demand for be-
low—ground resources (nitrogen, phosphorus and water),
and the capacity of individual root segments to supply
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those resources. This feedback mechanism drives the
allocation of resources to root tips for growth, and to
all root segments for branching, maintenance and nutri-
ent uptake. This emphasis on root growth and nutrient
uptake plasticity is one area in which the ROOTMAP
model specialises, and differs from the other models.
While nutrient supply has an effect on overall nutrient
uptake and root growth for the other models, it does not
influence root growth at the individual root tip level
(Table 1).

ROOTMAP has been used to investigate root—soil
interactions over a range of spatial and time scales
(Dunbabin et al. 2002b, 2003a, b, 2004, 2006; Chen et
al. 2008). Using contrasting wheat and lupin root archi-
tectures, Dunbabin et al. (2006) investigated the effect
of phospholipid surfactant exudation on water and nu-
trient acquisition from soil, simulating interactions at
both the rhizosphere scale (55 mm? soil area, 10 mm
root section, 12 h), and the whole plant scale (over 41
days). Comparison with a computationally expensive
2D Finite Element Method rhizosphere model con-
firmed the performance of the ROOTMAP model at
the rhizosphere scale. Whole—plant simulations demon-
strated the importance of scaling—up rhizosphere pro-
cesses for investigating their impact on whole—plant
function. At the whole—plant scale there was an interac-
tion between phospholipid surfactant exudation, root
architecture, soil nutrient status, and water and nutrient
uptake (Dunbabin et al. 2006). ROOTMAP, SimRoot
and RootBox have all been used to simulate root exu-
dation and the role that root exudates play in nutrient
acquisition (Table 1).

In a theoretical study of root form and function,
Dunbabin et al. (2004) modelled the interaction between
root architecture, the 3D supply of nitrate in soil (uni-
form, non—uniform, dynamic and static) and root plas-
ticity responses to nitrate supply (local root proliferation
and locally elevated nutrient uptake kinetics). This study
highlighted that the efficiency of rooting strategy for
nitrate uptake from soil is a strong function of how
transitory and variable the supply of nitrate is. In a
detailed sensitivity analysis study, Dunbabin (2007) used
ROOTMAP to simulate crop and weed root systems
growing in direct competition, investigating the impact
of root traits upon the competitive success of crop plants.
30 parameters were included in the study, describing root
architecture, the soil and seasonal environment, and crop
management, providing a detailed study of individual
parameters and their interactions across the parameter
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space (Dunbabin 2007). This type of study is not possi-
ble experimentally. This approach suggested a distinct
separation in the root traits that maximise resource ac-
quisition in weed—free monocultures compared to weedy
crops, highlighting the potential for tailoring root traits to
particular cropping conditions. The results need to be
tested against field trials.

The ROOTMAP model has been parameterised with
root architectural data from nutrient solution, pot and
field experiments, along with data sets from literature
(Dunbabin et al. 2001a,b, 2002a,b, 2009; Dunbabin
2007; Chen et al. 2011). Chen et al. (2011) detail the
parameterisation of the ROOTMAP model using root
architectural data from a semi-hydroponic phenotyping
system. The simulations carried out to date using the
model have focussed on representing root growth re-
sponses across growth media (nutrient solution, pot and
field) for investigating interactions between crop root
systems and their environment. To this end, a number of
the simulation studies have been theoretical, focussing
on understanding root:soil interactions, rather than pre-
cise prediction under specific conditions (Dunbabin et
al. 2003a, 2004, 2006; Dunbabin 2007).

The ROOTMAP model currently distinguishes be-
tween root orders, but root age does not affect root
function, with all sections of a root equally contribut-
ing to water and nutrient uptake regardless of distance
from the root tip or root age. Future development work
will focus on a more realistic representation of root
function as roots age, as well as a more detailed
representation of root exudation into the rhizosphere
for investigating the interactions between rhizosphere
processes and root system architecture in field soils.
Future development work will also focus on the model
software, with the aim of developing versions of the
model that (with the aid of a user—interface) can be
more readily used by other researchers.

SPACSYS

Wu et al. (2007) and Bingham and Wu (2011)
developed SPACSYS (Table 1; Fig. 4; email:
lan.Bingham@sruc.ac.uk), a model that combines a
3D root architectural model with 1D and 2D processes
representing water dynamics and C and N cycling be-
tween plants (leaf, stem, seed and root components), soil
and microbes (microbial biomass pool). The model
tracks the developmental stages of crop growth from
sowing to maturity, and predicts grain yield or regrowth

for perennial grasses. The root model uses the same root
growth responses as those described in Clausnitzer and
Hopmans (1994), with root extension being a function
of soil temperature, strength and soil water solute con-
centration. At a whole-root system level, assimilate
supply from the shoots determines root system growth
and volume. Root death and decay and the subsequent
contribution to nutrient cycling are included in the mod-
el (Table 1). Main root axes are considered to be inde-
terminate and will continue to extend according to the
limitations set by soil conditions, plant phenology and
the supply of carbon. Lateral roots, on the other hand,
are determinate and cease extension after a specified
maximum length is reached, the value of which is de-
pendent on the order of lateral root. The mature branch
then senesces and decays and dry matter is either added
to the soil litter pool according to a first order relation-
ship with the root biomass, or it is remobilised and
transferred to living roots. Current understanding of
the physiological and molecular control of root senes-
cence is poor and data to parameterise this aspect of the
model are limited. However, sensitivity analysis is being
used to explore the relative impact of variation in max-
imum root axis length, death and decay on RSA and
resource capture. In this regard, recent experiments have
shown that although soil compaction can greatly reduce
root length production, it may have little effect on the
dynamics of root death and decay, which simplifies the
modelling exercise considerably (Bingham et al. 2009).
One important distinction between SPACSYS and the
other models (Table 1), is that SPACSYS is a field—scale
model running at a daily time—step, whereas the other
models are principally plant-scale, or sub—plant scale
models, running at finer temporal resolutions. The
SPACSYS model, therefore, provides a link between
detailed plant modelling and the traditional coarse—scale
crop modelling.

SPACSYS was developed primarily to investigate
the interactions between crop root systems and nutrient
use efficiency under different soil, fertilizer and crop
management regimes. A 3D modelling approach was
adopted so that the potential effects of altering specific
root architectural traits and trait combinations on root
system growth, distribution and resource capture could
be evaluated under contrasting soil conditions.
SPACSYS deals with spatial variability in soil proper-
ties in the vertical direction as this is generally most
relevant to questions about optimising root exploration
of the soil profile and maximising the efficiency of
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water and nutrient uptake. Further, information on
variation in soil properties with depth, required as
model inputs, tends to be more readily available than
that on heterogeneity across fields. The SPACSYS
model is a detailed process-based model containing
more than 400 parameters. The model is supplied with
a reference, or default value for each of these parame-
ters. These reference values have been primarily de-
rived from literature, along (Wu et al. 2007; Wu and
Bingham 2009) with experimental data collected by
the authors of the model from their own laboratory or
field experiments (Wu et al. 2007). Wu and Shepherd
(2011) illustrated the procedures for parameterisation
and validation of the SPACSY'S model.

SPACSYS has been shown to produce realistic root
architectural arrangements in microcosms (Fig. 7., Wu
et al. 2007) and good predictions of root system size
and distribution in field soils (Bingham and Wu 2011).
Initial research focussed on the interplay between crop
root architectural traits and nitrate leaching (Wu et al.
2005, 2008; Wu and Bingham 2009). The capacity to
simulate nitrogen cycling interacting with developing
root systems, provides insights into the mismatch be-
tween nitrate supply and demand that can occur over a
season. This enables an assessment of the spatial and
temporal root development needed to maximise
fertiliser recovery and minimise nitrate leaching under
crops, providing the potential for ‘designing’ root
systems and cropping systems for improving nitrogen
use efficiency in field soils. The description of plant
phenological development, root and shoot biomass
production, and grain yield, provides an opportunity
to investigate direct relationships between root archi-
tectural traits and grain production (the only model of
the 6 capable of doing this, Table 1). This presents an
opportunity to study the interactions between root
architectural traits, resource acquisition efficiency
and grain yield, with the aim of providing advice to
breeders, policy makers and growers on the potential
economic and environmental benefits of developing
root phenotypes for specific cropping environments
(Bingham and Wu 2011).

R-SWMS
R-SWMS (Table 1; Fig. 8; email: mathieu.javaux@
uclouvain.be; http://www.fz-juelich.de/ibg/ibg-3/EN/

Research/Research%20Topics/Flow%20and%
20Transport%20in%20Soil-Plant%20Systems/R-
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SWMS/ node.html) is a combination of the root simula-
tion model in soil developed by (Somma et al. 1997,
1998) and based on the SWMS-3D flow and transport
model (Simunek et al. 1995), and the model of Doussan
et al. (1998) which solves water flow from the soil into
the roots and through the roots up into the shoot. In
essence, this is a similar model to those developed by
Doussan et al. (2006) and Schneider et al. (2010).

In its latest version, R-SWMS contains different
modules for solving specific processes: root water
flow, soil water flow, solute transport in soils, solute
transport in roots, root growth and plant growth. The
root and plant growth models are similar to those used
in SPACYS (Table 1), and use the same root growth
responses as those described in Clausnitzer and
Hopmans (1994). Water and solute/nutrient extraction
from the soil are modelled through sink terms in the
Richards and the convection—dispersion equations.

R-SWMS is possibly the root architectural model
with the most advanced hydrology, capable of simulating
soil and root water redistribution (eg. hydraulic lift) and
compensatory water uptake (Couvreur et al. 2012). It can
simulate a variety of drought or locally dry soil scenarios.
Simulation studies have focused on sensitivity of water
uptake to soil hydrological parameters (Javaux et al.
2008). The initial development goals for this model were
not the simulation of the root architecture, but simulation
of the water and associated solute transport through the
soil-plant continuum. Several publications with this
model used static root architectures, generated with
RootTyp (Draye et al. 2010; De Willigen et al. 2012;
Schroder et al. 2012) or from NMR images (Pohlmeier et
al. 2010; Stingaciu et al. 2013). R-SWMS is
parameterised with root hydraulic parameters from the
literature, and soil hydraulic parameters are typically
derived from soil databases or direct measurement.

Simulation of water and nutrient uptake is challeng-
ing especially if we consider the soil conditions in the
rhizosphere around the roots, which are often quite
different from those in the bulk soil. The problem
partly arises from the different scales which easily
vary by two to three orders of magnitude or, in three
dimensions, 69 orders (Postma et al. 2008). Schroder
et al. (2008) investigated this problem by assessing the
impact of soil spatial resolution on the 3D root water
uptake modelled by R-SWMS. They concluded that
the local drying of the rhizosphere could not be
neglected in order to properly simulate pressure head
at the root soil interface and the onset of stress. They
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showed that a spatial resolution lower than 1 cm could
ensure an error level lower than 5 %. Yet high spatial
resolution demands high computational power.
Several solutions have therefore been tried with R—
SWMS to overcome this problem: the development of
analytical solutions below the voxel scale and the grid
refinement around roots. Schroder et al. (2009a) in-
vestigated a different methodology to implement a
microscopic soil-root hydraulic conductivity drop
function in R-SWMS. It allowed them to explicitly
consider the pressure head drop around multiple roots
at a scale lower than finite element grid resolution. In a
second step, they implemented the possibility of gen-
erating a non-uniform grid with a finer resolution
around the roots in R-SWMS (Schroder et al.
2009b). They demonstrated that in their scenario, a
fine finite—element grid gave a more accurate solution
than a coarse grid, and that the grid refinement can be
localized around the roots without loss in accuracy. A
priori grid refinement can thereby significantly reduce
the computational time of a simulation. However,
most of the gain of a locally refined grid could be lost
when the grid could not be refined a priori, but had to
be adapted to the (changing) architecture of the root
system during simulation.

A particle tracker for solute transport in soils was also
implemented in R-SWMS, allowing the analysis of
steep solute concentration gradients in soils. The impact
of solute transport type (active/passive/exclusion) on the
apparent solute dispersivity length was investigated
(Schroder et al. 2012).

Novel developments in R-SWMS consist of a parti-
cle tracker within the root system allowing the simula-
tion for plant hormone (e.g. ABA) or nutrient transport
within the xylem, change of the radial conductivity with
environmental conditions and the implementation of a
stomatal conductance model. Table 1 summarizes the
current features of R-SWMS.

RootBox

Branching structures such as root systems possess a high
degree of (topological) self-similarity (Prusinkiewicz
2004) that can well be modelled by a recursive or iterated
approach. Leitner et al. (2010a) chose an L-systems
approach to model root system growth. The 3D root
growth model RootBox (Leitner et al. 2010a; Table 1;
Figs. 6 and 7), includes growth of individual roots
according to a growth function (e.g. Pages et al. 1989),

branching at predefined branching angles, and root
death. The model can produce a variety of different root
systems that compare well to observed images of root
systems (Leitner et al. 2010a). Root system properties
such as root length densities can be computed from the
model output. The software is presented in the form of a
publicly available Matlab-code (http://www.boku.ac.at/
marhizo/simulations.html). Internal functions can readily
be altered to specific requirements. This facilitates the
coupling with different soil models and model adaptation
for specific experimental designs. An advantage of
RootBox over other models is that it does not provide a
software package that simulates a fixed model of plant
and soil interactions. Instead, it is implemented in Matlab
in a way that keeps it open for any changes to the model
structure. The root growth model can be coupled with
any given soil model. For example, there is no fixed
implementation for the solution of the convection
dispersion-equation. Suitable numerical schemes are
readily available in Matlab (e.g., built-in, from Comsol
Multiphysics or C++/Fotran libraries).

Examples of coupling the root growth model with
soil models are presented in Schnepf et al. (2011,
2012). Schnepf et al. (2011) simulated root growth as
affected by chemotropism in soil of initially homoge-
neous and non-homogeneous phosphate distribution,
in a bounded pot environment. See a sample simula-
tion for chemotropism effects on root system growth
in Fig. 6. Schnepf et al. (2012) simulated root system
phosphate uptake from a rhizotron as affected by root
exudation. In both cases, the root system model of
Leitner et al. (2010b) was coupled with a different soil
model. The soil model in Schnepf et al. (2011)
contained a 3D form of the diffusion—reaction equa-
tion, while the soil model in Schnepf et al. (2012)
modelled phosphate-citrate interactions with two
coupled diffusion—reaction equations. Leitner et al.
(2010c) demonstrated the use of the RootBox model
to create a 3D tetrahedral mesh from the root system
geometry (Fig. 7a). This enabled the explicit 3D sim-
ulation of water and nutrient transport in the soil with
static root surfaces as boundaries (see Fig. 7).

This modelling approach facilitates the study of soil-
root interactions at different levels of detail, correspond-
ing to the underlying scientific questions. RootBox was
first published in 2010 with the specific aim to study the
effect of different root and rhizosphere traits at the root
system scale. This capability was demonstrated by
Schnepfet al. (2012), simulating the effect of the release
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of mobilising agents on phosphate mobility and uptake.
This approach can be extended to model other root and
rhizosphere traits, including root hairs and mycorrhizas.

Several features of the RootBox model are provided
in Table 1. Contrary to some of the other models in
Table 1, it was not developed for specific plants. Like
most of the other models, except for SimRoot, RootBox
considers the root system to consist of individual root
segments of a given diameter without including second-
ary growth. Each root type can be defined with an
individual set of parameters that does not necessarily
coincide with the root order (similar to RootTyp).
Several aspects of the other models, such as the affect
of soil temperature or impedance on root architecture or
shoot-root interactions, are not predefined in the
RootBox model. However, the open implementation of
the model in Matlab allows these affects to be easily
included if required. Any confined or free root growth is
possible. Confined containers are defined by signed
distance functions that define the signed distances of
points to the container boundaries. Root functions in the
RootBox model are not predefined, but depend on the
underlying soil model. Examples include water uptake,
nutrient uptake and root exudation. Likewise, the soil
model is not predefined, but RootBox can easily be
coupled with different soil models, depending on the
underlying scientific question. In the exudation case
study, for example, the underlying soil model was not
a simple convection dispersion equation but a coupled
system of convection dispersion equations, one with a
term for the decomposition of organic exudates
(Schnepfetal. 2012). This also means that the numerical
solution method can be freely chosen (Table 1).
RootBox has been presented as a modelling framework
and relies mainly on literature sources for
parameterisation. In Schnepf et al. (2012), model
parameterisation was based on 2D images from Lore
Kutschera’s Root Atlas (Kutschera 1960), using manual
measurements. Currently, RootBox is being used in an
algorithm for semi-automated root tracking for the real-
istic recovery of root system parameters from 2D images
(Leitner and Schnepf 2012).

The future development of functional-structural
root models

Although current models include several important as-
pects of the plant-soil complex, many features are
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underdeveloped due to either a lack of an adequate
conceptual model for representing the physiological pro-
cesses, or a lack of quantitative data for parameterisation.
Soil biology, rhizosphere chemistry, soil texture and
mycorrhizas have influence both on root growth and
on soil water and nutrient processes (e.g., Shu et al.
2007; Richardson et al. 2009; Feddermann et al. 2010;
Rose et al. 2010; Marschner et al. 2011), but are not, or
are rudimentarily included in functional-structural root
models.

Plant physiology is mostly reduced to a set of
response curves in these models. While from a simu-
lation perspective, the response curves are testable
simplifications of otherwise complex processes, these
simulations do not yield major increases in under-
standing the underlying complexity; hence, it might
be useful to break these curves down into smaller
steps, moving towards regulatory networks that better
mimic plant physiology and maybe even include
gene-based approaches (Postma et al. 2008).

Root anatomy is largely overlooked by the root
modelling community. Postma and Lynch (2011a,b,)
simulated the function of root cortical aerenchyma
formation on low fertility soil, but other anatomical
traits may also influence nutrient and water uptake and
the metabolic cost of roots.

One of the big challenges facing root architectural
models is how to increase adoption and application in
plant research (Tardieu 2010). While many of the
models under development demonstrate substantial
promise, there are still relatively few modelling studies
that have led directly to the selection of improved
plant genomes, or have explicitly predicted plant be-
haviour in the field. Further development of root ar-
chitectural models down the path of functional—struc-
tural plant modelling will provide insights into the
internal signalling and control mechanisms within
plants. This will provide an opportunity to better rep-
resent and predict phenotypic plasticity in root sys-
tems. The challenge of predicting the relationship
between genetics and environment is complex
(Tardieu 2010), but promises the reward of selecting
root systems that are more functionally efficient in
target environments (Lynch and Brown 2012), en-
abling root architectural models to play a more inte-
grated role in plant breeding programmes.

One path to the greater adoption of root architectural
models is the development of software more readily used
and adapted by researchers to a range of applications.
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Advances in computing power, modelling platforms and
visualisation software are making the task of plant
modelling easier and more accessible. Many studies
can be performed with existing software, and the devel-
opment of open platforms for the easy development of
functional-structural plant models, such as CrossTalk
(Draye and Pages 2007), OpenALea (Pradal et al.
2008), PlantGL (Pradal et al. 2009) and Grolmp (Kurth
and Lanwert 2011), will enable many more researchers
to contribute to root and plant architectural modelling.
Paggs et al. (2004) have started down this path by devel-
oping the generic 3D root architectural model RootTyp.
As a generic platform coupled to an external soil model,
RootTyp can be used for investigating a range of root—
soil interactions (Collet et al. 2006; Javaux et al. 2008;
Draye et al. 2010; Couvreur et al. 2012). The generic
MatLab format in which the RootBox model was devel-
oped (Leitner et al. 2010a) also provides a flexible struc-
ture in which soil models can be readily interchanged.

Conclusions and outlook

In the short history of root architectural models, they
have evolved into functional-structural models capa-
ble of representing virtual plants by incorporating
carbon fixation in leaves and partitioning into roots,
combined with nutrient demand driving root architec-
ture and root functional responses to variability in soil
environment. As such, functional-structural root
models have become valuable tools, contributing to
understanding of the plant phenome, elucidation of
signalling sequences governing development of root
structures, and selection of optimal root architectures
for specific environments. They play an important role
in targeting and focussing experimental studies that
investigate the complexity of soil-root interactions in
heterogeneous environments. It is expected that fu-
ture development will result in greater usefulness of
root architectural models in deciphering the
genotype-phenotype relationships in interaction with
variable environments.

It is also anticipated that functional root models will
play an increasingly important role in rhizosphere re-
search. Root and rhizosphere traits are of major impor-
tance for agricultural management and breeding. So-
called rhizo-technologies take advantage of these traits
by direct or indirect manipulation of one or more com-
ponents of the system. Examples are the selection of

crop cultivars with regard to their nutrient-efficiency
and/or root branching pattern, soil microbial inoculation
or improvement of agricultural management. Root ar-
chitectural models will help to design such rhizo-
technologies and to optimise soil and crop management.
The following are examples of possible model applica-
tions as an outlook.

Mycorrhizal inoculation of agricultural crops

Arbuscular mycorrhizal fungi are potentially an impor-
tant tool in sustainable agriculture (Douds et al. 2008).
Inoculation could help to overcome stress situations and
improve yield of crops and medical plants (Chandra et
al. 2010; Ozdemir et al. 2010). Growth models for
arbuscular mycorrhizal fungi (e.g. Schnepf et al. 2008)
could be coupled with root architectural models. This
could help to characterise cultivars with sufficient ca-
pacity to sustain root symbiosis with arbuscular mycor-
rhizal fungi. It could further be relevant for the devel-
opment and management of mycorrhizal inocula by
testing different hypotheses of fungal infection and hy-
phal growth on the overall mycorrhrisation of whole
root systems as well as on the effect of mycorrhization
on plant nutrition. Further model development could
include a multispecies symbiotic complex (Tajini et al.
2009) as some crops have the potential to establish
symbiosis with both rhizobia and arbuscular mycorrhi-
zal fungi.

Quantifying carbon costs

There is considerable knowledge about different root
and rhizosphere traits that benefit plant phosphate
acquisition (Jansa et al. 2005; Hinsinger et al. 2011;
Thonar et al. 2011). In contrast, little is known about
the related carbon costs (Lynch and Ho 2005;
Lendenmann et al. 2011). Carbon trading at the soil-
root interface including mycorrhiza, root exudation
and root hairs was reviewed by Jones et al. (2009).
Root architectural models could be extended to per-
form a precise carbon cost assessment of different root
and rhizosphere traits.

Yield enhancement through soil additives
Practical implications of root plasticity for yield en-

hancement methods using soil additives are discussed
by Akay and Burke (2012). These soil additives contain
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more water and nutrients than the bulk soil. Thus, their
efficiency depends on hydrotropism and chemotropism
mechanisms of root growth. Coupling a root architec-
tural model with a soil model and allowing for feedback
loops between root growth and soil nutrient concentra-
tion and/or water content will assist in the development
of such techniques. They will benefit from careful up-
scaling methods from single root scale to root system
scale.
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