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Abstract — We provide a brief overview on soil exploration and resource extraction by roots during the course of plant development. First,
we examine how roots explore the soil volume in relation with the heterogeneity of soil conditions. We then consider resource acquisition by
roots and root systems, taking into account the root system’s heterogeneous functioning and its variable degree of plasticity. In extensive,
complex and dynamic systems such as root systems, processes of soil exploration and resource acquisition can be analysed through the unifying
point of view of root system architecture. We exemplify how a modelling approach based on the concepts of functional architecture has potential
to provide sharper insight into the soil exploration/utilization processes.

root system / model / architecture / review / soil exploration

Résumé — Exploration du sol et acquisition des ressources hydro-minérales par les systemes racinaires des végétaux : un point de vue
architectural et de modélisation. Nous présentons une courte revue décrivant les grandes étapes de colonisation et d’exploitation du sol durant
le développement de la plante. Nous montrons tout d’abord comment les racines explorent le sol en interagissant avec 1’hétérogénéité des
conditions de sol (du point de vue des nutriments ou des contraintes a la croissance). De cette vision essentiellement géométrique (exploration),
nous passerons a 1’exploitation des ressources par les racines en considérant I’hétérogénéité de fonctionnement du systéme racinaire ainsi que
son plus ou moins fort degré de plasticité. Ces processus d’exploration et d’exploitation du sol seront présentés sous 1’angle unificateur de la
prise en compte de I’architecture racinaire. Dans des systemes complexes et trés dynamiques, comme un systéme racinaire, nous montrerons,
avec des exemples récents, comment la modélisation, fondée sur une architecture fonctionnelle, permet d’aller plus loin dans la compréhension
des processus d’exploration/exploitation du sol par les plantes.

systeme racinaire / modélisation / architecture / revue / exploration du sol

1. INTRODUCTION

Root systems of terrestrial plants have a functional impor-
tance in resource storage, synthesis of growth regulators, and
propagation. However, the primary functions of root systems
are anchorage of the plant in the soil and the acquisition of soil
resources, i.e. mainly water and mineral nutrients [26]. In
soils, roots are exposed to highly heterogeneous and variable
conditions both in space and time. Constraints to root growth
often originate from this variability in resource availability
(water and nutrients) and physico-chemical properties. The
development and propagation of an extensive and structured
root system represents plants’ evolutionary response to the
spatio-temporal variability of resources availability and the

associated constraints to growth [30]. The extension in space
and time of the root system obeys developmental rules suscep-
tible of modulation by interaction with the environmental
conditions. Moreover, the root system should be viewed as a
population of roots with varying, although coordinated, mor-
phological, and physiological (particularly uptake) properties.
In addition, physiological heterogeneity also exists along sin-
gle root axis in relation to ageing.

In this review, we first examine how roots explore the soil
volume in relation to the heterogeneity of soil conditions.
From this purely geometrical viewpoint of soil exploration, we
then consider the impact of roots’ functional heterogeneity and
plasticity on the root system’s overall ability to use soil
resources. In extensive, complex and dynamic systems such as
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root systems, processes of soil exploration and resource min-
ing can be analysed through the unifying point of view of root
system architecture. We exemplify how a modelling approach
based on the concepts of functional architecture, has potential
to provide sharper insight into the soil exploration/utilization
processes. We also show how such a modelling approach rep-
resents a way to quantify soil exploration by roots at scales
ranging from the individual root to the entire root system.

This review is specifically focused on root architecture, the
influence of mycorrhizae on nutrient uptake is not discussed.
The influence of mycorrhizae on nutrient acquisition by plants
is well know and has been widely reported (see [50, 93]). In
addition, it has been shown that mycorrhizae can modify the
overall root system architecture [33]. Likewise, the modifica-
tion of rhizospheric soil by root-induced chemical processes,
e.g. modifications induced by specialised roots such as cluster
roots [75], is not discussed in this review (see [31] for a
review of these processes).

2. ROOTS SYSTEMS AS A RESPONSE

TO THE HETEROGENEOUS DISTRIBUTION
OF RESOURCES AND SOIL CONSTRAINTS
TO ROOT GROWTH

2.1. Soil water and nutrients heterogeneity in time
and space in soils

The availability of hydro-mineral resources is variable at
spatial scales ranging from a few mm (‘hot spots’, [64]), a few
centimeters (gradients in O,, water availability, pH, nutrient
status — [45]) to several meters. This variability in resource
availability can be related to e.g. variations in soil texture [96],
topography, climate, vegetation, or soil management. The sub-
terranean activity of soil fauna can create localised zones of
fertile loose soil in otherwise poor soil horizons [45, 66]. Het-
erogeneous patterns may persist in time from a few days to
several years. For example, a burst of mineralization may
occur for some days and induce nitrate leakage into deeper soil
horizons [83], while phosphate enriched patches may remain
immobile within a few centimetres for years [45]. Snow thaw-
ing in spring flushes mobile nutrients accumulated in surface
horizons. In such situations, roots must respond rapidly to the
temporal pulse of resources before they are leached away from
the root zone.

Examples of variations in nutrient availability under natu-
ral soil conditions, at the root scale, are given by Jackson and
Caldwell [34] and Robinson [72]. These authors studied the
distribution of mineral nutrients (extractable phosphate,
nitrate and ammonium) in a sagebrush-steppe (dominated by
Artemesia Tridenta) in 0.5 x 0.5 m plots. Phosphate exhibited
a strong spatial variability with concentrated patches (around
31 mg-kg’l) and less concentrated zones (around 20 mg'kg’1
— Fig. 1) and strong positive associations with other variables
such as soil organic matter, potassium, nitrification and net N
mineralization. Nitrogen compounds (NH, and NO5) varied
substantially too (386 and 116% respectively) but were less
spatially dependent to other variables than P. As Robinson
[72] pointed out, patchiness is more likely to occur in soils for

0.5m
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Figure 1. Spatial distribution of phosphate in the topsoil of a 0.5 x
0.5 m area of sagebrush steppe. Phosphate concentration scale in
mg-kg_l is shown as shaded boxes (from [34]).

less mobile ions, such as P. In a situation of P availability such
as the case illustrated in Figure 1, different parts of a single
root system and even single roots may experience very differ-
ent P concentrations. This natural variability may be enhanced
in cultivated soils, depending on agricultural practices. At the
field scale, in a highly managed (highly fertilised and irri-
gated) salad crop (lactuca sativae, N-NOj concentrations
ranged between 20 and 200 kg-ha™" [6] with mostly non-nor-
mal distributions at different sampling dates. Depending on
the sampling date, spatial patterns of concentrations were
more or less expressed. In particular, these authors showed
that spatial variability of nitrate was time dependent; the loca-
tions with the highest initial concentrations retained the high-
est values with time (and conversely), but this correlation
weakened and finally vanished after 2-3 months under these
particular crop/agricultural and climatic conditions. Tillage in
cultivated systems seems to have no effects on variability [72],
but tends to reduce soil patchiness by increasing the patches
size.

In conjunction with resource heterogeneity, root systems
have to cope with the contrasting behaviour of soil nutrients.
Some ions are relatively mobile (such as nitrate) and can move
for some distance (i.e. centimetres) from the bulk soil towards
the roots. They can be taken up by mass flow and diffusion.
Others nutrients (e.g. phosphate) diffuse much more slowly in
soil, due to interactions with the solid phase, and uptake neces-
sitate that roots (or mycorrhizae) intercept the nutrient (deple-
tion zone around roots within the millimetre range — [31, 37,
50]). For fast growing species (such as annual crops) this
implies a continuous exploration of new soil domains where
less mobile nutrients have not already been depleted by root
uptake [47].

Last but not least, the pattern of variability of the hydro-
mineral resources also differs in time and space between the
different resources. For example, on the one hand, water might
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be available at depth, while shallow horizons are relatively
dry. On the other hand, mineral nutrients (e.g. phosphate, [44])
are often more available in the surface horizons.

2.2. Heterogeneity of soil constraints to root growth

Physico-chemical conditions in soils may adversely affect
root exploration of the soil. As for nutrients, adverse condi-
tions vary in time and space, and roots need to develop strate-
gies to adapt or avoid such conditions.

Among chemical stresses, it seems that strongly acidic sub-
soils, with pH less than 5, represent one of the most important
limitations to root penetration [28]. In this case, in relation
with pH dependent solubility of ions and geochemical reac-
tions, roots may be exposed to severe H, Al, Mn toxicity and
Ca, Mg, Mo, P deficiencies. Root growth will then be
restricted to the thin topsoil.

Aeration of the soil can also restrict soil exploration by
roots. Temporary flooding (e.g. heavy seasonal rainfall on
poorly draining soils) can induce a dramatic drop of soil oxy-
gen concentrations (from ~20% to a few percent) within a few
hours to a few days, depending on the temperature and bio-
mass respiration [21]. Except for wetland plant species, when
roots get trapped in oxygen depleted soil, they stop growing
and eventually die [1]. Fine textured subsoils with a shallow
water table are characterised by permanent more or less
anoxic/reducing conditions. Roots of most plant species are
unable to colonise such soils. Soil temperature is also of major
importance to soil colonisation by roots [12]. Temperature
gradients with soil depth exist throughout the year and the
highest range of temperature variations is in the surface layers
[9]. Management of cultivated soils (e.g. tillage or irrigation)
modifies the soil thermal regime. Optimal, minimum and max-
imum [5] temperatures for root growth vary depending on spe-
cies and their origin (~ 17 to 35 °C [54]). The downward
penetration rate of the rooting front varies with soil tempera-
ture and a good correlation between this penetration rate and a
particular soil isotherm is sometimes observed [38]. Tempera-
ture and temperature gradients affect not only root growth but
also root initiation, branching and orientation [5, 38, 39].

Finally, one of the most common physical limitations to
soil exploration by roots is the presence of zones of high
mechanical resistance [32]. Zones of high soil strength can
originate from compaction, which induces an increase in bulk
density (plow pan or subsoil compaction due to tillage or
wheel traffic), or from a decrease in water content [2]. High
soil strength can also be related to specific, genetic, soil hori-
zons (indurated zones, duripans, fragipans, ortstein...) [3]. In
cultivated soils, the location and thickness of high strength
zones vary during the growing season [8]. Increases in soil
strength reduce root growth and the average number of laterals
on primary axes [3]. Soil structure of high strength zones is of
prime importance to root penetration. In such zones, roots tend
to follow cracks and (bio) pores in which they can fit. It was
shown that roots of a new crop (corn) re-colonised pores from
the preceding crop (alfalfa) [68]. In hardsetting soils of clay
B-horizon, Stewart et al. [79] showed that roots grew in
macropores, but a large proportion (80%) was also located in
the soil within 1 mm of macropores, a zone defined as the
macropore sheath. Pierret et al. [66] and Pankurst et al. [63]

showed that the chemical and biological properties of this
macropore sheath and of small aggregates associated with
roots located within macropores differed largely from the bulk
soil (for example, bacteria were 5-10 times greater in the
macropore sheath and showed a greater metabolic activity; C,
N, and P concentrations showed higher levels in the
macropore sheath).

2.3. Roots and root system architecture

As they grow, plants must adjust to the spatio-temporal var-
iability of resources availability and constraints to root
growth. The root system development represents plants’ evo-
Iutionary response to this spatio-temporal variability [30]. The
overall length of mature plants’ root system might be quite
important and values of 1 to more than 10 kilometres have
commonly been reported (up to 500 km for 16-week-old win-
ter rye plant) [16, 40]. Maximum rooting depths are also
highly variable among species and biomes (from 0.3 m for
some tundra species up to 68 m for Boscia albitrunca in
Kalahari Desert): trees, shrubs and herbaceous plants, (bulked
as functional groups for a wide range biomes) have been
reported to have an average rooting depth of 7, 5 and 2.6 m
respectively [76].

It has been recognised for quite a long time that the appear-
ance of root systems in situ (e.g. dominance of the main axis,
branching pattern...) can vary greatly, even within species,
and be quite complex (Fig. 2 —[7, 41, 91]). The 3-dimensional,
dynamic, development of the root system within the soil vol-
ume is on the one hand, genotypically driven, and on the other
hand, environmentally influenced, as the heterogeneity of
resource availability constrains root growth.

Roots can be classified into three main categories according
to their ontogenesis: primary, nodal and lateral roots [30, 39,
60]. The primary root differentiates from the seed’s radicle
and leads to a single-axis root system, or taproot system, with
dominant vertical root growth (gravitropism) that emerges
first. Adventitious (or nodal) roots differentiate from organs
other than roots (e.g. thizomes, stems, leaves...) and are initi-
ated at precise locations (near stem nodes for example) with a
defined temporal pattern. They are often abundant and give
rise to a fibrous root system. Adventitious roots are much less
sensitive to gravitropism than primary roots [39]. The ability
to produce adventitious roots is a genotypic feature [73b]. Lat-
eral roots originate from the branching of a parent axis, gener-
ally at right angle, and differentiate from parent roots younger
tissues, at some distance from the apex. This process results in
a branching front which follows the parent root’s apex (acro-
petal branching). Even when acropetal branching is the domi-
nant branching process, some lateral roots may appear out of
the main sequence, differentiating from older tissues near the
base of the tap root for example. The maximum number of
branching orders seems to be a genotypic feature. Branching
can also develop by reiteration. In this process, the parent axis
duplicates into two (or three) axes of the same morphological
type and creates forks in the root system. Vercambre et al. [87]
observed that, in the plum tree, reiterations occurred periodi-
cally and profoundly affected the architecture of the root
system.
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Figure 2. Example of contrasted root systems. On the top row, root systems are little branched, while more profusely branched on the bottom
row. Increasing dominance of a single main axis from left to right (from [41]).

The primary root system evolves from the growth and
branching (first, second, third...order laterals) of the primary
vertical root. Depending on the extension of laterals relative to
the primary axis, the morphology of the root system will vary
between taprooted and diffuse or fibrous (Fig. 2). These root
system types are often found in dicotyledon species. Adventi-
tious root systems are characterised by a large number of root
axes originating from the stem base, or from a portion of the
stem. They are generally not strongly gravitropic but quite
sensitive to water and temperature tropism. Adventitious root
systems are typical of monocotyledon species. In a number of
plant species (e.g. cereals), the primary root system will dom-
inate the early growth stages while the adventitious root sys-
tem will take over in older plants.

The respective importance of the primary and adventitious
root systems, i.e. the relative growth rates of main axes and lat-
erals, the number of branching orders, etc., varies across plant
species. Hence, different plant species develop different soil
exploration strategies. Figure 3 exemplifies such differences
between a monocotyledon and a dicotyledon species (maize
and alfalfa). As maize emits nodal roots throughout its vege-
tative phase, shallow soil horizons are repeatedly explored and
mined by these new roots and their branches. In the case
of alfalfa, shallow soil horizons are explored by a single

Figure 3. Difference of rooting pattern between maize (A) and alfalfa
(B) (from [41]).
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generation of branch roots, with much less new roots emitted
in time than for maize.

3. A QUANTITATIVE VIEW OF SOIL
EXPLORATION BY ROOT SYSTEMS

3.1. Modelling of root system architectures

Conceptually, the modelling of root system architecture is
based on describing root systems as sets of connected axes in
a 3D space. Existing models of root system architecture
include variable degrees of dynamic complexity.

3.1.1. Static modelling of root systems

The static models describe the branching pattern within the
root system architecture by means of synthetic descriptors.
Fractal geometry is an example of this approach. This
non-Euclidian geometry permits to describe how roots fill the
soil space using a non-integer dimension (the fractal
dimension D). This approach’s underlying assumption is that
the root system is self-similar across a large range of space
scales, a property often exhibited by root systems [81]. D has
been shown to vary between genotypes, plant age and growth
conditions [80]. Fractal geometry also proved useful to esti-
mate the total size of root systems based on measurements of
basal roots [82]. Topological modelling is another synthetic
approach. It takes into account and globally describe the way
root systems branch [26]. In this case, the root system is
described by a set of links (a link connects an apex to a branch-
ing point or two branching points) and characterized by some
topological parameters (for example, the number of links along
the path between an apex and the collar of the root system). The
topology of root systems will vary from a herringbone pattern
(i.e. all branches derives from the same main axis) to a dichot-
omous pattern (i.e. equiprobable branching on all links). Top-
ological modelling is a fruitful approach for describing the
global implications of contrasted branching patterns (herring-
bone vs. dichotomous) in relation with functional properties
and root system optimisation (i.e. trade-off between carbon
allocation to roots and efficiency of a root system process).

3.1.2. Dynamic modelling of root systems

Dynamic models of root system architecture simulate
growing root systems on the basis of simple production rules
(for a review see [46, 58, 59]). This approach puts the empha-
sis on the invariance of basic developmental processes. Such a
modelling approach really emerged about a decade ago [15,
48, 61] and became possible with the increasing power of
computers. Virtually grown root systems are represented by a
set of connected root segments. The root system development
is simulated in discrete time steps by applying the basic mor-
phogenetic production rules to the existing root system. These
rules are: (i) emergence of new main axes (radicle, seminal or
adventitious roots), (ii) growth of the axes (including elonga-
tion and growth direction — gravitropism...), and (iii) branch-
ing (new lateral axes). Apart from these three basic processes,
other processes can be taken into account: (iv) decay and
abscission of roots and (v) radial root growth.

The dynamic modelling approach considers different root
categories which generally, correspond to the branching order.
Different root types will show very different developmental
characteristics (e.g. appearance, growth and branching). The
classification of root types is based upon several criteria
reflecting morphogenetic properties [58]: growth rate, growth
duration, branching ability and density, tropism, radial
growth... For example, Vercambre et al. [87] considered
6 root types to dynamically model the root architecture of
plum trees. The distinctions they made were based on the
nature of roots (woody or not), the axial growth (finite or
indefinite), radial growth (presence or absence), the maximal
length, and the decay (abscission or perennial).

Basic developmental rules need to be parameterized for
each root type and depend on the species investigated. For
example, continuous emission of nodal roots by cereals is a
highly organized sequence in space and time that can be
described by thermal time or leaf number [39, 61]. Growth
direction may be largely influenced by gravitropism or plagi-
otropism, the influence of which is highly variable among root
branching orders or nodal/seminal roots [47, 60]. Branching is
generally represented by an acropetal sequence (with a fixed
distance of emergence behind the apex or a maturation time
lag of the primordia), but some species show lateral roots
growing out of this sequence. These late lateral roots generally
appear near the base of the tap root (e.g. rubber tree, blue
lupin). They have a long life span and are important in the re-
colonisation of superficial soil layer. Branching can also
develop by reiteration, a process that should be considered
particularly for trees.

These dynamic models include a stochastic description of
some processes (e.g. growth direction and soil strength, intrin-
sic variability of growth rates, radial branching angles...).
Dynamic architectural models provide realistic 3D visualiza-
tions of root systems (Fig. 4). Each segment of the simulated
root system contains some information about its 3D coordi-
nates, age, diameter, root type, etc. Both annual and perennial
plants have been modelled and parameterised using dynamic
architecture models: Lupin [24], wheat [15], Maize [61], bean
[48], Plume tree [87], Oil-Palm [36], rubber-tree [62], pine
(Japanese red pine) [81b].

3.1.3. Modelling of the interactions between root systems
and their environment

Root system models offer an opportunity to integrate, from
the root segment to the root system levels, the impact of heter-
ogeneous soil conditions on root growth. Hence, interactions
between root systems and their environment can be modelled.
The models developed by Somma et al. [77] and Dunbabin
et al. [24] integrate a great diversity of environmental condi-
tions and allow to simulate their impact on root system devel-
opment.

Some models incorporate the influence of soil temperature
on root growth or root emission, using a thermal time scale
[15, 61] or a reduction coefficient applied to optimal root
growth rates [11]. The effect of soil strength has also been
included (Fig. 5), by means, generally, of indirect variables
such as soil bulk density or water content [11, 57] combined
with empirical functions which reduce optimal growth rates
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Figure 4. Examples of 3D root systems simulated by architectural
models. (A) Maize (from [61]) and (B) bean (from [45]).

and alter root growth direction. Somma et al. [77] introduced
the effect of nutrient concentration using growth rates linearly
correlated to an optimal range of concentrations. Recently,
Tsutsumi [81b] introduced the influence of hydrotropism by
including a sensing of the water flux at the root tip which mod-
ulates the bending of the root.

3.2. Using architectural models to quantify soil
exploration by root systems

Most commonly, root uptake potential, is assessed on the
basis of synthetic descriptors such as the root density (in term
of length, biomass or surface area... per unit soil volume).
This descriptor is indicative of soil exploration by roots and, if
one can assume that roots are regularly distributed within the
soil, an average distance between roots can be derived from
root density measurements (Tab. I). The average distance
between roots is often used in water and nutrient uptake simu-
lations to define the outer cylinder of soil accessible to the
roots [14, 74, 94]. However, in real situations, the assumption
of a regular distribution of roots does not hold. Hence, global
parameters such as root depth or root density are not sufficient
to investigate in detail the development and functioning of
root systems. Root distribution within the soil has a strong
influence on resource acquisition [46, 58, 59]. Consequently,
it is necessary to include detail of root architecture and growth
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Figure 5. Simulation of maize root system architecture interacting
with the environment. A plough pan layer impedes root growth at
35 cm depth. (A) General morphology of the simulated maize plant.
(B) Simulated (+) and observed (e) root profiles, obtained by
counting the number of colonised cells (2 X 2 cm) on vertical grids.
The horizontal bar represents one standard deviation (from [57]).

dynamics to gain sharper insight into the soil exploration/uti-
lization processes.

Models of root system architecture can help to better under-
stand soil exploration by plant roots by taking into account
environmental constraints to growth, as previously discussed,

Table I. Root distribution and average distance between roots of
three crop species (adapted from Jungk, 2002 [37]).

Soil depth Root length density Average half distance between
(cm~cm’3) roots (cm)

Wheat Maize Spinach Wheat Maize  Spinach
0-30 8.2 3.8 23 0.2 0.3 0.4
30-60 1.7 1.5 0.06 0.4 0.5 23
60-90 1 04 - 0.6 0.9 -
90-120 0.7 0.1 - 0.7 1.8 -
120-150 027  0.01 - 1.1 5.6 -
150-180 0.03 - - 32 - -

Total root length (km~m’2)
0-180 36 17 7
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Figure 6. Volume of soil explored by a simulated root system of
maize (cf. Fig. 4) for an hypothetical radius of root influence (from 1
to 20 mm) in the soil. The soil volume explored by the roots is
normalised by the (radius)? in the figure and represents an effective
length of roots in soil not influenced by other roots. The decrease of
the normalised prospected zone with increasing radius of influence is
due to the increasing overlapping of prospected soil zones by
different roots.

but also by giving a quantified view of the soil volume that the
roots can access or influence. This is possible since architec-
tural models include full parameterisation of the 3D geometry.

In a first approach, the soil influenced by roots can be inves-
tigated by assuming that it is a cylinder of fixed radius centred
on the root. This provides a crude estimate of the geometrical
properties of a root system independently from any process
(i.e. the zone influenced could be a ‘rhizospheric’ zone, a zone
of nutrient depletion, of water depletion...). An example of
calculation of the soil volume accessed by maize roots as a
function of time of growth and radius of influence is shown in
Figure 6. This figure shows that if larger radii of influence glo-
bally lead to a bigger zone of influence, they also give rise,
with time, to increasing overlap between depletion zones of
the different roots. This means that more branch roots will
penetrate a zone already influenced by another root as the
radius of influence increases. This pattern of soil exploration
and interaction between roots derives from interactions
between growth rates (i.e. the rate at which a branch root can
escape from a zone already exploited), branching density and
angle of emission, and the way main axes (nodal roots) are
emitted and grow (i.e angle of emission, gravitropism).

A more dynamic view of soil exploration, focused on nutri-
ent acquisition, can be gained by considering the diffusion of
nutrients to the roots [70]. In this case, the radius of the
depleted volume changes with time (the elapsed time since the
root first appeared at some location within the soil volume)
and is expressed as [29]:

R, =r+2/Dt (1)

where R, is the radius of the depleted zone, r the radius of the
root segment, D, the effective diffusion coefficient of the ion
in soil and ¢ the time period of root growth.
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Figure 7. Exploitation efficiency of a root system (defined as the vol-
ume of soil exploited per unit root tissue volume) increase with the
increase of topological index of simulated root systems. High values
of the topological index represent little-branched (herringbone) root
systems; low values represent dichotomous branching pattern. The
zone of soil exploited increases with time according to diffusion
of the mobile resource (diffusion coefficient = 107’ cm“-s™", similar
to nitrate). The simulation was performed with a range of other archi-
tectural characteristics, which explains the scatter of the points
(from [26]).

At the root system scale, using topological modelhng, Fltter
[26] predicted that for mobile nutrients (D, > 107 cm?-s~ )
such as nitrate, herringbone topologies would be more effi-
cient in exploiting the nutrient (Fig. 7). This result is related to
the fact that herringbone type root systems produce a few
order of laterals, which are characterised by low growth rates
and limited extension from the zone depleted by the arent
root. For less mobile ions (e.g. phosphate, D, < 108 em?-s71),
the impact of the topology of the root system would be negli-
gible because depletion zones for such ions are very narrow
and all roots could access fresh, unexploited soil zones. These
modelling experiments led Fitter [26] to suggest some ecolog-
ical implications of root topology. Hence, differences in the
topology of root systems (herringbone to dichotomous) could
correspond to overall plant growth rates and their ability to
adapt to various degrees of soil fertility (especially for mobile
nutrients).

Phosphorus acquisition has been the most extensively stud-
ied process, at scales ranging from the root segment to the root
system, which can be addressed via architectural modelling. In
particular, elegant studies by Lynch and co-workers, combin-
ing experimental work and architectural modelling, gave a
detailed portrait of soil exploration in relation with P acquisi-
tion for bean (for a review see [47]).

Combining architectural modelling and the time dependent
expanswn of the P depleted zone (Eq. (1), with D, =
108 cm?2-s~ ) Ge et al. [29] studied the effect of altered grav-
itropism of basal roots (that varied from shallow to deep) on
P acquisition efficiency. In the case of homogeneous P distri-
butions in the soil profile, shallower root systems explored
more soil (per unit root biomass) than deeper systems because
less inter-root competition occurred in the former case (i.e.
less overlapping depletion zones between neighbouring roots
— Fig. 8 a-b). In the case of stratified soil P concentrations,
with high P concentrations in the first 10 cm, shallower root
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Figure 8. Simulation of the influence of different degree of basal root
gravitropism on the exploitation of P by bean root systems. The
depletion zone of P is represented by diffusion of P to the root with
time (diffusion coefficient = 1078 ¢m -s’l). A) Bean root systems
simulated with different rooting pattern (shallow; Carioca, an actual
cultivar, and deep). B) Volume of the overlapping exploited zones for
the three root system types. C) P uptake by the three simulated root
systems at the end of simulation (320 h), in the case of a stratified soil
profile of P (P concentration is higher in the first 20 cm of soil —
from [29]).

systems were also able to get more P because of increase for-
aging of the topsoil and less inter-root competition (Fig. 8 a-c).
Figure 9 shows the extent of depletion zones around bean roots
and gives a visual idea of overlapping zones.

An example of the use of architectural modelling to dynam-
ically predict uptake of more mobile nutrients is given by [77].
In this model, soil water and nitrate transport, nitrate uptake
and the influence of nitrate availability on root growth are sim-
ulated (cf. Sect. 2.1.3). Figure 10 shows the simulated root
system of a 25 day-old barley plant. Water and NOj are sup-
plied through drippers at the soil surface. In one scenario, NO5
is applied continuously (Fig. 10a), in the other NOj is applied
for a finite time at the beginning of the simulation. The total
amounts of applied N are equal in the two cases. In the first
case, simulations show that N concentrations are higher in the
upper part of the soil and root density decreases with depth. In
the second case, the NO3 plume moved downwards when
application stopped and caused a greater root density in the
central part of the soil. Interestingly, the maximum of root
length density and NOj concentration are shifted. This is
linked to the relative rates of root growth and downwards per-
colation of NOj.

Figure 9. 3D representation of a simulated root system of bean and
depletion zone of P around the roots (cf. Fig. 8) (from [46]).
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Figure 10. Simulated 3D root architecture (coupled with water and
nitrate transfer and uptake by the root system) with corresponding
root density and nitrate concentration distribution for (A) continuous
supply of nitrogen by drippers and (B) the same amount of nitrogen,
but supplied only at the beginning of the simulation period
(from [77]).

4. FROM SOIL EXPLORATION TO RESOURCE
ACQUISITION

Assessing soil exploration by plant roots would represent a
convenient way to estimate resource acquisition if it could be
assumed that all roots were equally and constantly involved in
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resources uptake (whatever the process investigated).
However, it has been shown that for water or nitrate uptake,
considering that all roots behave identically (a common
assumption) and using ex-situ measured rates, would lead to
over-estimating the actual uptake rates [70]. Based on actual
uptake rates, it can be inferred that only 10% of the total root
system length would be effectively involved in nitrate uptake
and 30% in water uptake. But, as pointed out by Robinson
[70], an important question is to determine which 10 and 30%
parts of the root system are active?

As was shown in Section 3.1.2 for root growth and branch-
ing, a root system, should, from a functional viewpoint be
regarded (i) as a population of individual roots behaving dif-
ferently from each other [89], (ii) as a function of tissue dif-
ferentiation and (iii) in response to changing environmental
conditions (plasticity).

4.1. Variations in root properties

4.1.1. Variations among root types

Many reports show that different root types are functionally
different. Leaf expansion of wheat is more impaired when
drought affects seminal roots than nodal roots [88], and contri-
bution of the seminal roots to the whole plant exceeds what
could be expected from their fractal mass [89]. Navara [56]
showed that radicle and seminal roots of maize play a domi-
nant role in the water supply during a significant part of the
plant life span. Nodal roots of maize were able to take up more
phosphate from soil than radicle and seminal roots [55]. While
the maximum uptake rate of barley for nitrate globally
decreases between vegetative and reproductive growth stages,
the nitrate uptake rate by nodal roots remains constant [51].
Lazof et al. [42] showed that nitrate uptake rates (per unit of
dry weight) of the primary axis of young maize plant amount
for 68% of the lateral uptake rate. Waisel and Eshel [90]
showed variations in the uptake of CI or K between taproot and
laterals in pea. Mature lateral roots of maize lowered the pH at
the soil-root interface, while their parent root made it more
alkaline [50].

4.1.2. Variations along roots

Large variations in physiological properties exist along
roots. These variations can be related to ontogenesis as root
tissues get older, mature and differentiate, at increasing dis-
tances from the root tip [10]. Variations in growth rates
between different root types and the way their tissues differen-
tiate can also explain some of the variations in physiological/
metabolical properties between root types. Many processes
were shown to vary along roots as a function of age, tissue
structure and anatomical differentiation. High variations in
root respiration were found along primary roots of Prunus per-
sica [4], not only in the vicinity of the apex but up to about
20 c¢m from the tip. Parts of roots can release H* (acidification)
while others release OH™ depending on the available nitrogen
resource [35]. NO5 and NH, uptake was found to vary along
roots, with defined zones of active (generally the apical zone)
and passive uptake [13, 42]. Variations in the uptake and trans-
location of other ions (P, K, Ca...) along roots were also dem-
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Figure 11. Distribution of water uptake within a simulated maize
root system (43-day-old — 3D root system projected on a vertical
plane). Water uptake is simulated by taking into account the
variability of the root hydraulic conductance within the root system.
The imposed transpiration is 5 x 1073 cm?-s! and the water is freely
available in the outside medium: water potential = 0 MPa. Even if
water availability is uniform within the outside medium, uptake is
heterogeneously distributed in the root system, showing hot-spot of
uptake (from [20]). The figure is available in colour at:
www.edpsciences.org/agro/.

onstrated [10]. In the field, cortical senescence in older root
parts seems relatively common in cereals and other grasses
[70]. Cortical senescence may weaken uptake because of
physiological decrepitude but also by disrupting the transport
pathway between the soil and the root.

The case of water uptake provides an illustrative example
of how root functional heterogeneity can be taken into account
in root system modelling. Water uptake along roots is related,
for the radial pathway (water transport from soil to xylem ves-
sels), to the differentiation of relatively impermeable struc-
tures (suberization) and for the axial pathway (water transport
along roots), to xylem maturation [78]. In some monocot spe-
cies, late metaxylem vessels (able to carry much of the water)
were shown to open at large distances from the root tip (around
20-30 cm for main axes of maize [92]). Based on experimen-
tal data on water flow in maize roots [84] and architectural/
water transport modelling of the root system, Doussan et al.
[18, 19] derived the variations of hydraulic conductance along
maize primary and lateral roots, and showed the impact of
these variations on the distribution of water uptake within the
maize root system for the case of a uniform water avaiblity
(Fig. 11). This figure shows the high heterogeneity of water
uptake within the maize root system, even if water is uni-
formly available. Another type of pattern of water uptake was
found for the perennial root system of a tree (Prunus), with
most of the uptake located in the basal part of the root system
[20]. Heterogeneity in the water uptake capacity along the root
will have an impact on the way roots extract water from soil
(Fig. 12 — [17]) and on variations of the environment (water
potential and moisture content) in the vicinity of roots. This
variations along a root may impact the rhizospheric activity
and diversity.
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Figure 12. Simulated variation of water potential in soil for a single
maize root axis (50 cm length, no laterals) during a 14h simulation
period. A sinusoidal variation (between —0.1 and —1.2 MPa) of the
xylem water potential is imposed at the root collar (similar to leaf
water potential). The simulation couples water transfer in the soil and
into/along the single root. The variations of the hydraulic
conductance (axial and radial) along the maize root are included in
the simulation and generate an heterogeneous pattern of uptake and
water potential in the soil along the root, with greater variations near
the root tip. The root axis is located at the left axis of each figure.
The soil is a clay loam and the initial soil water potential is
—0.05 MPa (from [17]). The figure is available in célot at:
www.edpsciences.org/agro/.

4.2. Root system plasticity and uptake optimisation

It is well known that plant roots systems are continuously
subject to modifications following interactions with the envi-
ronment. The function of this plasticity could be an adaptation
to their sedentary life style to better explore their surroundings
[43]. Root system plasticity should be considered in relation to
soil conditions, but also in relation to competition with other
species. Indeed, as shown for nitrate uptake under a wheat
crop monoculture [73], plasticity does not necessarily imply a
greater uptake: it can simply be triggered when competition
with another species exists. Nutrient availability induces mor-
phological variations of the root system. Parameters which can
be affected are [27]: root branching, root growth (with growth
of main axes generally less affected by nutritional effects than
higher order axes), root diameter, root angle (for example, low
P availability decreases the angle of emission of basal roots in
bean, soybean and pea — [44]), root hair length and density,
emission of specific root types (cluster roots — [75]; drought-
induced roots — [85]).

Plants response to spatial heterogeneity of nutrients has
received much attention (see review by [71]). The influence of
temporal variations in nutrient concentrations on root
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Figure 13. Simulation of nitrate uptake efficiency with an architec-
ture model taking into account both inflow and morphological plas-
ticity of the root system. Nitrate is distributed in the soil as small
patches. The efficiency of uptake with plasticity is relative to the
same root system with no plasticity response. Root systems are (A)
herringbone system and (B) dichotomous system. In the dynamic
supply case, the nutrient patches are randomly re-distributed in
space, which is not the case for static supply (from [25]).

plasticity has been less studied. Experimental observations
generally relate to conditions in which a small part of the root
system has access to sufficient nutrients while the other is
deprived [22]. Plant response in such a heterogeneous system
happens at two time scales [72]: (i) a rapid and reversible
physiological response within hours, which consists of an
increase in nutrient inflow rate (high affinity transport), (ii) a
slow morphological response within days, resulting in an
increased root growth, and sometimes increased lateral
density, towards and within the nutrient rich patch, associated
with a reduced growth in the other part of the root system.
However, if these responses are the global trend for plants,
considerable variations in the intensity of these responses exist
between species. The intensity of the response varies between
no response to an order of magnitude variation (for growth or
nutrient inflow) for the roots in the nutrient patch (see [72] for
review). Stimulation of the inflow varies depending on the
nutrient considered (and the duration of starvation). Root
proliferation seems to depend less on the nutrient considered
(except for K in some species). Localised responses such as
root proliferation were generally explained in terms of
nutritional effects [95]: roots directly exposed to the nutrient
benefit the most from the increased N supply, or alternatively,
the increased metabolic activity in those same roots increase
the influx of carbohydrates and auxines. Recently, Zhang et al.
[95] proposed a dual pathway for NO; in Arabidopsis
thaliana: a systemic inhibitory effect with NO3 accumulation
and a localised stimulating effect, under genetic control,
depending on NO3 concentration at the lateral root tip, where
NOj is directly the signal.

Interactions between nutrient availability and growth in
architectural models have been presented by Somma et al. [77]
and Dunbabin et al. [24]. In Somma et al.’s model [77] nitrate
affects root growth out of an optimal range of concentration
and elongation is scaled according to the amount of biomass
allocated to the root system. The model by Dunbabin et al. [24]
includes a more subtle description of root system plasticity. It
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uses the plant demand for individual resources and the ability
of the various components of the root system to supply
individual resources to drive the allocation of assimilates and
subsequent architectural variations (root growth, branching)
as well as nutrient uptake rates. This reproduces the dual
pathway of a local ‘sensing’ response and a whole-plant
response. Inflow plasticity and root proliferation plasticity are
modelled. The model is based on Diggle’s root architecture
model ROOTMAP [15]. Nitrate is the nutrient taken into
account and the model performance was assessed against
laboratory data and validated in field experiments with Lupin
species [23, 24]. An example of the results yielded by this
model, applied to the extreme topological types of root
systems (herringbone and dichotomous), is shown Figure 13
(from [25]). Nitrate is distributed in soil in random patches,
with the same random profile (static supply) or a new re-
randomised profile (dynamic supply), and applied every two
days.

Interestingly, Figure 13 shows that incorporation of root
and inflow plasticity in the root system behaviour makes the
dichotomous system more efficient than the herringbone one
in the case of static (heterogeneous) supply of nitrate. This
contrasts with results of homogeneous supply (Fig. 7). On the
contrary, in the case of dynamic N supply, the herringbone
system is more efficient than the dichotomous one, and the lat-
ter gains almost no efficiency in uptake from plasticity.

5. CONCLUSION

Soil exploration and resource acquisition by plant roots
result from both the dynamic expansion of the root system in
space and the temporal variability of the root function/activity
(between and along roots). Soil environmental conditions can
also continuously modulate the pattern of exploration and
exploitation by roots because of the constraints it imposes on
root growth or because of root plasticity induced by resources
heterogeneous availability. Plant adaptative strategies to
locally sense environmental changes result in local responses
but are co-ordinated at the whole plant level. All these plant-
soil processes, with different time and space scales, can be
integrated within the unifying framework of root system archi-
tecture.

Such integration is now possible because root system archi-
tecture models are widely available and become increasingly
powerful tools which enable the simulation of root function-
ing, plasticity and interactions of roots with their environment.
Such modelling tools provide a quantified view of soil-plant
interactions, from the single root to the root system level, and
can link local processes to global behaviour.

On the other hand, breakthrough technologies give more
and more spatially detailed data on the functioning of root sys-
tems ex and in situ (e.g. non destructive imaging of the root
system and its soil environment [65]; Cryo-scanning of soil-
root system [52], microsensors [67]; root-pressure probes
[78]). These new experimental data give new insight into root
functioning and a sound basis for parameterisation and valida-
tion of distributed modelling of root systems at a range of
scales.

As Lynch and Nielsen [48] pointed out, not all the interac-
tions and processes of the plant-soil system can be simulated
with the same degree of accuracy (however, this should be
moderated considering the evolution of experimental devices
and computing power). Progress can be achieved by focusing
root models on some specific process, while approximating
the general trend of other factors or interactions. Another chal-
lenging way for operational applications is to degrade the
sophisticated root models, looking at the more important
parameters, in order to get some simple but robust relation-
ships (such as root — sink terms) adapted to some particular
crop and soil settings.

Among the numerous processes which, so far, have only
received little attention and which could be tackled via archi-
tectural modelling in relation with root exploration are:

- interactions between plants, arising either from intra or
inter-specific competition including allelopathy, and
resulting in profound modifications of root morphology
[861;

- interactions with mycorrhyzae, which can alter root system
architecture [33] and are able to access a very different
range of soil pore sizes than roots (with possibly specific
biogeochemical environments);

- mobilisation of nutrients by roots and modification of the
soil environment (mucilage, release of acids, complexing
agents... [31]) and their implications for soil properties
near the roots;

- occurrence and functioning of new root types: Cluster
roots, drought-induced roots, hairy roots...

Finally, much is to be understood about ‘how real roots
work’ [53]. The in situ environment of roots may be quite dif-
ferent from what is generally accepted. For example, much
research is need to improve our understanding of the develop-
ment of rhizosheaths [52] and root colonisation of a relatively
specific range of soil pores having specific biologic and phys-
ico-chemical properties (soil macropores and cracks, preced-
ing root biopores, [52, 66, 68]).
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