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Abstract Dynamic models of tree root growth and
function have to reconcile the architectural rules for
coarse root topology with the dynamics of fine root
growth (and decay) in order to predict the strategic plus
opportunistic behaviour of a tree root system in a
heterogeneous soil. We present an algorithm for a 3D
model based on both local (soil voxel level) and global
(tree level) controls of root growth, with development of
structural roots as a consequence of fine root function,
rather than as driver. The suggested allocation rules of
carbon to fine root growth in each rooted voxel depend
on the success in water uptake in this voxel during the
previous day, relative to overall supply and demand at
plant level. The allocated C in each voxel is then split
into proliferation (within voxel growth) and extension
into neighbouring voxels (colonisation), with scale-
dependent thresholds and transfer coefficients. The fine
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root colonisation process defines a dynamic and
spatially explicit demand for transport functions. C
allocation to development of a coarse root infrastructure
linking all rooted voxels depends on the apparent need
for adjustment of root diameter to meet the topologically
defined sap flow through this voxel during the previous
day. The allometric properties of the coarse root system
are maintained to be in line with fractal branching
theory. The model can predict the dynamics of the shape
and structure (fine root density, coarse root topology and
biomass) of the root system either independently of soil
conditions (purely genetically-driven) or including both
the genetic and environmental effects of roots interact-
ing with soil water supply and its external replenish-
ment, linking in with existing water balance models.
Sensitivity of the initial model to voxel dimensions was
addressed through explicit scaling rules resulting in
scale-independent parameters. The model was para-
meterised for two tree species: hybrid walnut (Juglans
nigra x regia) and wild cherry (Prunus avium L.)
using results of a pot experiment. The model satisfac-
torily predicted the root growth behaviour of the two
species. The model is sparse in parameters and yet
applicable to heterogeneous soils, and could easily be
upgraded to include additional local influences on root
growth (and decay) such as local success in nutrient
uptake or dynamic soil physical properties.

Keywords Architecture - Coarse root - Fine root -

Geotropism - Heterogeneous soil - Simulation model -
Topology - Voxel automata
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Introduction

Plant productivity without either nutrient shortage
(access issues) or losses affecting environmental quality
(excess issues) depends on effective soil buffering, root
distribution and activity (van Noordwijk and Cadisch
2002). Roots take up resources such as water and
nutrients from heterogeneous soils (Hutchings and
John 2004), responding to resource availability by
activity and growth in relation to above ground
demand. In intercropping systems or mixed vegetation,
the potential uptake from different parts of the soil
depends on the developing root system of competing
plants, creating interacting feedback systems on root
growth (van Noordwijk et al. 2004).

Through adaptive responses to heterogeneous
environments, root systems may seem to take any
shape, but transport functions and mechanical
stability pose constraints. Plants have to reconcile
plasticity with architectural ground rules, especially
in woody perennials where long-distance transport
in semi-permanent transport structures depends on
more ephemeral fine root activity. Plant models
‘without roots’ can be adequate to relate available
resources to uptake at field scale at a monthly or
annual timescale. However, models that use spatial
details of root distribution are required for
accounts of competitive or resource-constrained
systems and can be classified in four classes
(Doussan et al. 2003; van Noordwijk and De
Willigen 1986): a) models that ignore root dynamics
and use time-independent root distributions, b)
models that incorporate simple root dynamics de-
scribed by a generic distribution model independent
of both aboveground processes and soil conditions,
c¢) models that simulate root system growth in
response to conditions in the aboveground parts of
the plant but without an interaction with soil
environment, and iv) models that simulate the
growth of a root system that senses and reacts to
local soil conditions as well as to the conditions in
the aboveground part of the plant. Currently, a
number of root models of the four categories are
available. Two approaches are available to describe
the distribution of roots in the soil (Pages et al.
2000). ‘Continuum’ type models usually describe
root distribution relative to soil area or volume, e.g.
as root length density. Architectural models represent
root systems as a collection of root segments linked
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in a topological structure. Some 3D architectural root
models exist at level iv (e.g. Clausnitzer and Hopmans
1994; Diggle 1988; Dunbabin et al. 2002a, b; Somma et
al. 1998). Many agronomical or forestry models at
the plant scale need to link with a continuum root
model for uptake functionality and with coarse root
development as part of the C balance. To our
knowledge, however, no 3D model for level iv has
been developed using a continuum representation.
Most continuum models were designed to simulate
one-dimensional root growth (e.g. Asseng et al.
1997; Brugge and Thornley 1985; Grant 1989;
Hayhoe 1981; Hillel and Talpaz 1976; Jones et al.
1991; Page and Gerwitz 1974). More recently, two-
dimensional continuum root models have been
proposed: root growth is modelled as a diffusion
process (Acock and Pachepsky 1996; De Willigen et
al. 2002; Heinen et al. 2003); some models constrain
the root distribution by a negative exponential
decrease with distance (vertically and laterally) from
the plant base (Mobbs et al. 1999; van Noordwijk
and Lusiana 2000). In the latter, the size (i.e. total
mass or total length) of root system is dynamic over
time but only the model of van Noordwijk and
Lusiana (2000) takes into account dynamic
responses to local soil conditions in a 2D frame.
Most of the above models do not simulate
‘coarse’ (often referred as structural) root growth
as an important component of root systems to
provide transport and mechanical stability. Yet the
benefits to a plant of spreading fine roots over a
large volume may be tempered by the dispropor-
tional ‘overhead’ costs of investment in transport
infrastructure (van Noordwijk and Mulia 2002).
Models of Mobbs et al. (1999) and van Noordwijk
and Lusiana (2000) assume that total root biomass
decreases according to a negative exponential
distribution from the stembase proportional to the
fine root system; but only in the latter, response of
coarse root system to local soil conditions is
considered. In this paper, we propose a model with
continuum representation to simulate the growth of
both fine and coarse root systems in 3D heteroge-
neous soil conditions. The model was designed
with a 3D version of the cellular automata or the
‘voxel automata’ approach. Our purpose was to
provide a generic and flexible root model that can
be easily coupled with various process-based soil
water balance models (in line with a level iv target)
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and that can be used to test various hypotheses
about the response of plant root systems to their
environments, including in mixed cropping or
agroforestry systems where the soil heterogeneity
is induced by the competing rooting systems of
various plants (Malézieux et al. 2008).

The objectives of this paper are: a) to describe a
‘teleonomic’ approach of modelling fine and coarse
root system growth that reconciles root plasticity and
architectural ground rules; b) to describe the param-
eter sensitivity to root patterns and shapes in an
assumed permanent uniform soil water condition; c)
to describe model parameterisation with two contrast-
ing tree species; and iv) compare model performance
with observations in a pilot experiment.

Model description
The continuous voxel automata

A voxel automaton is defined here as a discrete
model that applies generic rules to an infinite,
regular grid of voxels (volume elements in a three-
dimensional grid). Time is handled in discrete time
steps, and the state of a voxel at time t is a function
of the state of a finite number of voxels called the
neighbourhood at time t—1, potentially plus global
time-dependent parameters. These neighbours are a
selection of voxels defined by a transition rule. At
each time step, the same transition rules are applied
to the whole grid and a new generation is produced.
The modelled process should be independent of the
order of applying the transition rule to the voxels.
In a continuous automaton, the state variables
describing each voxel are continuous. The voxels
and time-steps, however, remain discretely separat-
ed from each other.

We used a 3D continuous automaton to model the
diffusive extension of a root system in the soil. The
soil is partitioned into parallelepiped voxels identical
in size. The root system is divided in two categories
of roots: fine roots which are involved in the resource
uptake mechanism and coarse roots that transport
water and nutrients to aboveground parts of the
plants, and provide mechanical stability. The opera-
tional distinction between fine and coarse roots is
linked to model parameterisation rather than model
structure; as default we used a threshold root diameter

of 2 mm: fine roots d<2 mm, coarse roots d>2 mm.
Each voxel has two state variables: the fine root
length density (FRLD, m.m ) and the coarse root
biomass density (CRBD, g.m ). The neighbourhood
of a voxel is defined as the six voxels that share a
common face with the voxel (see below). The
transition rules define how FRLD and CRBD change
at the day time step, taking into account the
neighbourhood information.

The root voxel automaton is under the forcing
action of two input variables at the whole rooting
system scale: the net daily supply of fine root dry
matter (FRDM, g day ') and the net daily supply of
coarse root dry matter (CRDM, g day '). These
variables are either produced by the DM allocation
module of a coupled plant model where the root
automaton is embedded or estimated with experimen-
tal data. FRDM can be converted to root length using
a specific root length (SRL, m g '). Relative FRDM
allocation to each rooted voxel is calculated as a
function of the previous day contribution of the voxel
to the total water extraction, and is split into
proliferation (growth within the voxel) and colonisa-
tion (growth into neighbour voxels) (Fig. 1). Coarse
root topology is deduced from the fine root colonisa-
tion paths, and CRDM is allocated to the various
rooted voxels proportionally to the sap flow through
the voxel during the previous day. A detailed
explanation of root growth processes is given below.
The six parameters used in the model are listed in
Table 1.

FRDM allocation to each
rooted voxel

i

For each voxel
verify: root length
density > o ?

*B

Root proliferation
(‘internal’ growth)

y?sl
* (1-B)

Root colonisation (growth
towards adjacent voxels)

Fig. 1 The universal voxel transition rule for fine roots
included in the root automaton: balancing proliferation and
colonisation
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Table 1 Six parameters

used in the fine root voxel Parameter

Symbol and range Unit

automaton governing fine
root dry matter allocation to
rooted voxels and root
architecture

FRDM allocation to voxels

o Local water uptake factor

Root architecture

o Threshold of fine root colonisation a=>0 m m
o Proliferation rate (fraction of FRDM for proliferation)

o Plagiotropism rate (fraction of colonisation

to horizontal voxels)

o Geotropism rate (fraction of vertical colonisation

to lower voxel)

o Voxel-stembase topological distance factor

—OO<(p<+oo —

—00 < p <+ o0 —

Allocation of FRDM input for local root growth

DM flux from a source to a sink depends on the
source-sink distance and sink strength (Lacointe
2000; Le Roux et al. 2001). The latter depends on
the potential growth rate of the sink, the local
environmental conditions, or the previously achieved
growth. We assume that the source of FRDM input is
situated at the stembase and the fraction of the daily
FRDM to each rooted voxel is a function of two
factors: the local water uptake on the previous day
and the voxel-stembase distance. The relative alloca-
tion to new fine roots in each voxel (x,y,z) at time t+1
is:

Sx.,y,z (t)(PDx,y,zip
LN (t)*Dyry 2 P)

)

1

£ (t+1) = (1)

n is the number of rooted voxels. Sy, , (t) is the uptake
of soil water (1) in day t in the (x,y,z) voxel. Positive ¢
values indicate that greater FRDM fractions are
allocated to more successful voxels for water uptake.
The null hypothesis (no impact of local water uptake
on FRDM allocation) corresponds to ¢=0; negative ¢
values are mathematically possible but not physiolog-
ically meaningful. Dy, is the topological distance
from any voxel to the stembase, with p as a weighting
factor (Balandier et al. 2000; Lacointe et al. 2002):
positive and negative values of p indicate greater
FRDM are allocated to proximal and distal voxels
respectively. A zero value of p makes FRDM
allocation independent of voxel-stembase distance.
The topological distance between the voxel and the
stembase Dy, is calculated based on the model of
self-generated coarse root topology (described below).
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Fine root proliferation and colonisation

The daily FRDM allowance is used for proliferation
or extension into neighbouring voxels (colonisation).
Root colonisation occurs only if the voxel root
length density (RLD) is above a threshold value «,
representing the root biomass needed to reach across
the voxel. Hayhoe (1981) estimated an « value of
3.0x107° g em > for a maize root system whereas
Grant (1989) used an « value of 2,500 m m >
(0.25 cm cm ) for the same crop species. With a
typical SRL for fine roots of 100 m g ' (van
Noordwijk and Brouwer 1991) the Hayhoe value is
equivalent to 3,000 m m . The threshold is scaled
with voxel volume.

Once the voxel RLD exceeds «, the fraction 3 of
the daily FRDM is used for proliferation, and (1—3)
for colonisation. In their one-dimensional root
model, Brugge and Thornley (1985) used a 3 value
of 0.75 for a ryegrass root system with a standard
layer thickness of 0.01 m. The {3 value, however,
depends on dimensionality and scale. As simplifica-
tion, the 3D colonisation process is assumed to
concern only the six neighbour voxels that share a
face with the ‘parent-voxel’ (i.e. the four horizontal,
the upper and the lower voxels). The plagiotropism
parameter A describes the preference to perform
horizontal rather than vertical colonisation and the
geotropism parameter 1 splits the vertical colonisa-
tion between the lower (geotropism) and the upper
neighbour (negative geotropism). The intensification
of root colonisation from a parent-voxel to each of
its four horizontal neighbour voxels is assumed to be
proportional to the area of the shared face between
each neighbour and the parent-voxel. The fractions
of colonisation rate from a parent-voxel with
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dimensions ly, 1y, and 1, in X, Y, and Z (vertical)
directions are therefore:

1
1 _ 1 _ Y
f;j)rl,y,z - f)fgl,y,z =05 lx + 1y (1 - B)}\’ (2)
1
1 _ 1 _ X
f;.‘;’-H,Z 7f;gf—12705 1x+1y(1 7[3)7\‘ (3)
£ = (1=B) (1 =1)(1 —m) (4)
£, = (1=B)(1 = 1)m (5)
It can be verified that:
f)((:-cl’—lhy,z + f)((:gllﬁyz + f;f)yl-%—l,z + ff(?}]/—lﬁz + ff(‘o;.z—kl (6)

Hyr = (1=5)

Root colonisation is therefore assumed to be
independent of the soil water conditions of the
colonised voxels; the subsequent development of the
‘root colony’ however will depend on its own success
in water extraction. Reciprocal root colonisation is
allowed to occur among adjacent parent-voxels.
Therefore, the actual increase in root length in a
voxel will often be higher than its internal prolifera-
tion rate governed by f3.

To avoid introducing artificial boundary effects, a
2D torus symmetry is applied: the finite computed
scene is virtually surrounded by eight identical
scenes. Each voxel situated on a vertical boundary is
assumed to be the neighbour of the face-to-face
boundary voxel. In the top and the bottom horizontal
layer, each voxel has only five neighbours with a
common face. No negative geotropism is allowed in
the top voxel layer, and no geotropism in the bottom
voxel layer.

Scaling parameters to adjust for variable voxel
dimensions

If roots are assumed to be homogeneously distributed
within a voxel, 3 and A are dependent on voxel
dimension, where 1 is not. A scaling rule is therefore
introduced for the parameters to avoid any bias when

changing the voxels sizes. First of all, suppose that {3,
A, and 1 are FRDM transfer rates from a parent-voxel
of dimension (I, ly, 1,). The fractions of roots that
reach the neighbour voxels are described in Egs. 2-5.
If the length of the parent-voxel in x, y, and z
direction are changed into Ly, Ly, and L, respectively
then the fractions of roots that reach the six
neighbours are linked to those of the original voxel
as follows:

(1 - B)klx

fi—(o)—ll yz f;ﬂ yz=0.5¢ (7)
CO CO. 1 _ B 7\‘1
fx,y1+1,2 = fx1;717Z = 05(1 — c)% (8)
y
1-— 1 — 1 — 1
f)‘(:,oyl‘z+1 = ( B)( L}\')( TI) z (9)
i _ =B, "

X,y,z—1 L
z

The constant ¢ describes the shared faces between
the horizontal neighbours and the parent voxel as
described in Egs. 2 and 3 by replacing 1, and 1, with
L and L, respectively. It can be noted that if L=,
L,=l,, and L,=1, then Eqgs. 7-10 becomes Eqgs. 2-5. 3
as a function of voxel lengths (termed as effective [3)
is derived from:

Beff =1- f;:((-)&ll,y,z_f;:(o—ll,yﬁz_f;A,Oyl—H,Z_f)((:,oyl—l,z_f;,oyl,z—kl
_fcol
X,y,z—1
(11)
To yield:
1 cly (1-¢)ly 1
eff z X y z
=1—-(1- —+ A -~ 2 =
o= 1-a-p(E (T o))
(12)
And this leads to effective A:
1 -,
At =1 — 1( (1) ST (13)
Clx - z
IZ+7\.LZ{L—X + Ty - L_L}

A negative value of B is possibly produced with

Eq. 12 if Lx, Ly, or Lz is less than 1, I, or 1,
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respectively. Only positive or zero values of A" are
produced with Eq. 13. Therefore, the scaling rule is
valid for adapting the parameters to an increase of the
voxel size, as compared to a reference size. The
fractions of FRDM transferred from a parent voxel
with a length of L, L, and L, m to its neighbours are
therefore those of Egs. 2-5 by replacing l, 1y, and 1,
with Ly, Ly, and L, respectively, and 3 and A with Beff
and A respectively.

Coarse root system growth and topology

The daily CRDM allocation to a voxel is proportional
to the sap flow through the voxel during the previous
day. The topology of the rooted system is required to
calculate the sap flow of a parent-voxel as the sum of
‘internal’ water uptake plus those of its ‘offspring-
voxels’ as follows:

k
Gx,y,Z(t) = Sx,y72<t)+ Z Svyz (1) (14)

Gy, is the local flux of sap flow through the
voxel (). Sy, is the local uptake of soil water; and k
is the number of ‘up-stream’ voxels which have a
topological link with the voxel. For voxels with no
up-stream voxels (recently colonised voxels), Gy, =
Syyz A topological link between two voxels is
created when fine roots of a parent voxel colonise
an empty neighbour. However, to avoid anastomosis
of the topology, a ‘one parent-voxel’ rule is applied.
When several parent-voxels colonise an empty neigh-
bour, only the most aggressive (i.e. with the highest
FRDM allocation) is allowed to establish a topolog-
ical link. If several parent-voxels provide exactly the
same quantity of FRDM, a parent voxel is selected
randomly. Coarse roots ‘appear’ in a voxel 2 days
after an empty voxel has been colonised, as a
consequence of Eq. 14. The topology algorithm also
calculates voxel-stembase topological distance, as the
sum of the distances between the centres of gravity of
all the voxels along the topological pathway to the
stembase.

Root shapes in non-limiting soil water conditions
Possible genetically-determined root shapes generated

by the automaton may be explored assuming homo-
geneous and permanent soil water availability in all
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voxels. In such a condition, FRDM is proportional to
root length density provided that potential water
transport through the soil towards the roots is non-
limiting and the internal resistance to water transport
inside the coarse roots is negligible (van Noordwijk
and Lusiana 2000). Theoretically, & mainly deter-
mines the size of the rooted volume; 3 the gradient of
the root length density within the rooted volume; A
the shape (width:depth ratio); and n the deepness of a
rooting system.

The sensitivity of the model to « and 3 was
explored, with five values of a (1,000 m m > to
5,000 m m > with 1,000 m m > intervals) and six
values of 3 (0 to 1 with 0.2 intervals). The effects on
the size of the rooted volume and the gradient of root
density were examined. The model was also run with
six values of A and 11 (0 to 1 with 0.2 intervals) to
assess their contributions in determining the deepness
of the rooting system.

Sensitivity of the model outputs to the voxel
dimension

The effect of the voxel dimension on the predicted
rooting pattern was explored by comparing resulting
root distribution profiles with different scene com-
partmentalisations. The same scene was compartmen-
talised in four different ways namely: a) 10 cmX
10 cmx 10 cm (in X, y, z direction respectively) small
cubic voxels, b) 10 cmx10 ecmx30 cm thick voxels,
¢) 30 cm*30 cmx10 cm flat voxels, or d) 30 cmX
30 ecmx30 cm large cubic voxels. The reference root
distribution profile was assumed to be obtained with
the first scenario. In the other scenario with larger
voxels, the simulations were done with or without
adjusted 3 and A values.

Model parameterisation

The model was parameterised using the results of a
pot experiment carried out in 2003 at INRA Mont-
pellier, France (Latitude 43° 35" 00” N and Longitude
03° 57" 41" E, altitude 54 m a.s.l.). The site has a sub-
humid Mediterranean climate with an average daily
temperature of 15°C and a total rainfall of 1,067 mm
in 2003. A low rainfall total of 71 mm was observed
during the tree growing months from May to August.
The experiment consisted in growing tree seedlings in
uniform soil conditions for penetrability, soil water
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and nutrient content to monitor the 3D behaviour of
rooting system in a homogeneous soil condition. It
involved hybrid walnut (Juglans nigra x regia) and
wild cherry (Prunus avium L.) trees. Both tree species
are deciduous.

Tree seedlings aged 1 year were used and each
tree was planted in a pot with a top and bottom
diameter of 60 cm and 50 cm respectively, and
50 cm height (= 120 1 volume). We used pure perlite
(i.e. expanded clay) which contains no nutritive
elements. The physical and initial chemical charac-
teristics of perlite are perfectly homogeneous. Roots
can easily penetrate granules of perlite so that they
can grow in every direction without any physical
obstacle. Each pot was divided into four horizontal
layers of 12.5 cm thickness separated by plastic
grids of 2 cmx2 cm mesh size. The grids were used
for the ease of root harvesting without impeding root
growth. Before plantation, root system of each tree
was formatted to have a rooted volume of 10 cmx
10 cm and 25 cm depth. Each tree was planted in
the middle of the pot and thus had initial root
system situated in the two upper layers. Any root
outside the 10x10x25 cm initial rooted volume
observed at the harvesting period would represent
new growth. There were 11 replications per species.
Daily irrigation of water and a nutritive solution was
carried out slowly and evenly distributed over the
soil surface to maintain non-limiting and homoge-
nous soil water and nutrient conditions.

Due to a regular and uniform irrigation and
fertilisation, we assumed that the trees grown in the
perlite experiment experienced no gradients of soil
resources. Under such a condition, the observed 3D
root distribution patterns could reflect the role of
parameters that determine root architecture, i.e. the
two balancing proliferation and colonisation (o and
f3) and the two describing the preferential colonisation
directions (A and 1). Roots inside pots of perlite were
collected voxel by voxel with 10 cm*10 cm and
12.5 cm thickness at four times in the growing season
(May, June, August, and October). There were 21
voxels per horizontal layers and 84 voxels per pot.
Due to the circular form of the pots, the voxel
configuration does not include areas near the lateral
pot border. Tree roots found in these locations or
found at the bottom of the pot were separated from
those collected within the voxels. Two or three trees
per species were harvested at each sampling date.

Fine (d<2 mm) and coarse (d>2 mm) roots were
sorted in each voxel and the density was measured for
the two root types. For model parameterisation, we
used data of root density measured in the last
harvesting date when the two species showed differ-
ent spatial rooting patterns.

Results

Sensitivity of the predicted fine root patterns
to the automaton parameters

The simulation results are synthesised by three
indicators: (a) the index of extensiveness indicates
the proportion of rooted voxels in the simulation
scene; (b) the index of gradient reflects the ratio
between standard deviation of root length density
obtained with any {3 value relative to that obtained
when $=0; and (c) the index of deepness measures
the proportion of total fine root in deep horizontal
layers. A very extensive root system will require both
low values of « and (3 (Fig. 2a). Both parameters
have an important effect on the size of the rooted
volume: the index of extensiveness decreases rapidly
with the increase of 3 when o is weak (e.g. from 60%
to 42% with «=1,000 mm ) and with the increase of
o when {3 is weak (e.g. from 60% to 35% with 3=0).
Strong gradients of fine root density are generated
with a combination of both high « and (3 values
(Fig. 2b). Deep rooting systems are obtained with low
A and high n value and both parameters have a
significant effect (Fig. 2c).

Corrected 3 and A to adjust for larger voxels

The proliferation rate is increased with larger voxel
sizes (Fig. 3a). It may not however approach a unit
value when voxel lengths are increased in one or two
directions only. If all voxel dimensions are increased
in the same proportion (inflated cube), the 3 can
reach 0.95 for a 25-fold increase. A lower o is
required with larger voxel lengths in horizontal
directions (Fig. 3b). Conversely, if only the vertical
dimension is increased, A would approach a unit value
indicating that a reduced vertical root colonisation is
necessary to maintain the same root pattern. Interest-
ingly, if all the voxel lengths are increased in the same
way, the initial value of A remains valid.
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Fig. 2 Two-dimensional interactions between architectural
parameters in producing fine root distribution observed after
100 days of constant fine root dry matter (FRDM, g day ')
input of 0.3 g day™' in a scene consisting of 196 cube voxels
with 0.1 m length (four horizontal layers with 7x7 voxels); root
systems were initialised with 0.1 m of fine root length in the top
central voxel; a permanent optimal soil condition was assumed
with non-limiting water availability; FRDM input was mea-
sured on one-year old hybrid walnuts grown in a pot

Efficiency of the parameter scaling rule to adjust
for larger voxels

For different voxel shapes, adjusted 3 and A values
allow a very good prediction of root proportion at the
stembase, 30 cm, 60 cm, and 90 cm lateral distance
from the stembase compared to the reference fine root
pattern (Fig. 4a). A less precise prediction of vertical
root profiles however is produced when only the
vertical size of the voxel is increased (Fig. 4b). The
rate of decrease of root length density with depth is
still underestimated with vertically stretched voxels.
In all the other cases however, including inflated
cubic voxels, the adjusted root profile provides good
estimates of root proportion with depth. The param-
eter scaling rule shows a similar efficiency to adjust
for larger voxels when predicting the coarse root
patterns (data not shown).

Contrasting rooting systems of walnut and wild
cherry

Figure 5 describes the spatial distribution of fine
root density of walnut and wild cherry trees
observed at the four harvest dates (May, June,
August, and October) in four horizontal layers
inside the pots. The presented values were the
averages of two or three replications. In the first
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3000 4000 5000
o (m m3) A

experiment (data not published); the specific root length
(SRL) was 9.9 m g ! resulting in a fine root length increment
of about 3 m day'; the simulation results are synthesised with
three indicators: a the proportion of rooted voxels in the
simulation scene; b the ratio between standard deviation of root
length density (zero densities for non-rooted voxels) obtained
with a parameter setting and that obtained when colonisation
process is not simulated; and ¢ the proportion of total fine root
in the two deeper horizontal layers

harvesting date in May, 1 month after leaf emer-
gence, no walnut root was found in the third and
the fourth layer (Fig. 5a). In the next month,
however, roots were found in the last layer. Root
density increased in all layers between June and
October. Roots of wild cherry trees were found in the
third layer in May (Fig. 5b), 1.5 months after leaf
emergence, and in the last layer starting from June.
In the subsequent growing months, fine root density
increased in all layers. Some walnut roots were
observed to grow on the bottom and on the lateral
pot boundary in August. More fine roots were found
in October on the two pot boundaries but the number
was negligible compared to that observed in the
fourth layer or in the voxels situated near the lateral
pot boundary. Some wild cherry roots were observed
to grow on the lateral pot edge in August and on the
pot bottom in October. At the early growing periods,
both root systems of walnut and wild cherry trees
developed more extensively in the second than in the
first layer. In the last harvesting date, however,
rooted areas were comparable between layers. Wild
cherry roots were very concentrated in the second
layer producing high root densities. In the last
harvesting date, top layer root densities of wild
cherry trees were higher than those of walnuts. There
was no tendency that root system of both tree species
grew toward a certain area inside pot.
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Fig. 3 Example of adjusted 3 (a) and A (b) values for different voxel shapes and sizes. 3 and A are 0.2 and 0.8 respectively for a

reference cubic voxel with a unit volume

We used a statistic proposed by Reddy and
Pachepsky (2001) to test the difference between 3D
fine root distribution patterns of the two tree species.
This statistic compares within-species variation and
between-species variation. The two species exhibit
different root distribution patterns if the ratio between
the two types of variation is greater than an F value. A
significant difference was found (P<0.05) only at the
end of the growing season in October. At the last
uprooting date, the spatial root distribution of the two
tree species showed differences related to gradient of
root density and different preferential (vertical vs.
horizontal) growth direction. Wild cherry exhibited a
higher gradient of root density and higher preference
for horizontal colonisation as observed in the first
layer. As shown before (Fig. 2), « and 3 govern the
gradient of root density. The effect of 3 is however
stronger than « reflected by the values of gradient
index. We therefore explored the effect of 3 and 4 to
explain the difference between the observed rooting
patterns of the two tree species. We tested eleven
values of 3 and A between 0 and 1 with 0.1 interval.
The simulations run with a=1,000 mm >, n=0.8, p=
0.7, and p=0 for both tree species.

In the homogeneous substrate experiment, non-
limited soil water availability in all voxels was assumed.
In such conditions, we can assume that the potential
water transport towards the roots was non-limiting and
that the internal resistance to water transport inside the
coarse roots was negligible. This means that the local
water uptake is proportional to the local fine root length
density (van Noordwijk and Lusiana 2000). Dry matter
allocation to fine and coarse roots simulated with the
root automata model can therefore be calculated as a
function of the existing fine root length density.

To estimate 3 and A, the square deviations between
the observed and predicted fine root density were
calculated. The smallest deviations were found when
3 and A were around 0.3 and 0.6 respectively for
walnut and 0.4 and 0.8 respectively for wild cherry
root system. The predicted fine and total (fine +
coarse) root densities with the selected parameter
values were compared with the observed values
(Fig. 6). A log-transformation was applied to reduce
the variation of the voxel root density. The figure
shows relatively good model predictions at the voxel
scale for both walnut and wild cherry root densities.
Some erratic values were however observed, as a
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Fig. 4 Effect of voxel shape and size on the predicted fine root
distributions; the same 3 m cubic scene was compartmentalised
in four different ways: i) 10 cmx10 cmx10 cm (in X, y, z
direction respectively) small cubic voxels with the resulting
root profiles as a reference, ii) 10 cmx10 cmx30 cm thick
voxels, iii) 30 cmx30 cmx 10 cm flat voxels, or iv) 30 cmx
30 cmx30 cm large cubic voxels. In the scenario with larger
voxels, the simulations were done with or without adjusted 3
and A values; simulations with vertically stretched voxels were

consequence of the patchy root observed distribution
of the two species at the 10 cm scale in 3D. The
significance of model’s error was tested by the Reddy
and Pachepsky statistic. The between-species varia-
tion was replaced however by the variation between
predicted and observed root densities. No significance
difference between observed and predicted root
density was pronounced both for walnut and wild
cherry (P>0.05).

Discussion

Hybrid cellular automata (e.g. Boswell et al. 2007;
Sullivan and Knight 2004) are widely known as
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done with a high vertical colonisation rate: A=0.2; those with
horizontally stretched and inflated cubic voxels were run with a
higher lateral colonisation rate, i.e. A=0.8 and 1=0.5 respec-
tively; the same values of ¢=0.5, p=0.5, @=1,000 m m >, 6=
0.2, an n=1 were applied for all simulations; each simulation
was run for 730 days with constant FRDM inputs of
0.3 g day'; root initialisation was done in the top central
voxel with a fine root length of 0.1 m; soil condition was
assumed to be optimal with non-limiting water availability

efficient techniques to model processes interacting
with the environment. Arvo and Kirk (1988) and
Greene (1989) were the first to suggest using the
cellular automata modelling approach to simulate
plant growth by incorporating a control by the local
environment. Such models are called environment-
sensitive automata (Arvo and Kirk 1988) or voxel
space automata (Greene 1989), and feature two
innovative aspects: a) the lattice of cells (or 3D
voxels) is no longer the object of simulation, but is
rather a medium in which the objects of simulation
themselves (e.g. plant roots) develop according to
an automaton; b) interactions between the objects
of simulation and the voxel environment are
included (e.g. local soil condition). The locality
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Fig. 5 Distribution of observed fine root density (kg m-3) of
walnut (a) and wild cherry (b) trees in the pots with an assumed
uniform soil condition (water, penetrability, nutrient) observed
at four harvest dates. The four successive maps at each date
describe root distributions in the four successive horizontal

principle of the standard cellular automata approach
that states that the transition rules of the automaton
depend only on the state of the cell and of its
neighbours is therefore no longer respected (Greene
1989). Greene (1991) and Wilderotter (2003) used
the cellular automaton principle to model root
growth but view the root system at the microscopic
scale of individual roots.

Voxel saturation of root density

The root model does not incorporate any limitation to
the fine root density or the coarse root biomass in a
voxel. The feed-back effect of resource depletion by
an active fine root system is regarded as a feed-back
process that prevents to predict unrealistic high root
densities in a voxel. An exception may occur in a

layers inside pot with depth. The letter ‘T’ indicates trunk
position. The pot surfaces were indeed circular with diameter of
60 cm. The maps were made with SURFER (Golden Software
Inc, Colorado, USA)

voxel that is maintained in high resource conditions,
such as under a drip irrigation nose and field
observations confirm that extremely high root densi-
ties can be observed in such cases. Conversely, the
coarse root biomass is not limited, and may increase
indefinitely, especially for perennial plants such as
trees. If small voxels are used, it could happen that the
coarse root biomass in the voxel may occupy all the
voxel volume. This is not an artefact as large coarse
roots may effectively empty a voxel from the pre-
existing soil.

Previously published root models include different
hypotheses about a saturation threshold of root length
density (Acock and Pachepsky 1996). Some authors
consider that a maximum root concentration exists
and growth ceases when such a limit is achieved.
Other authors assume that root concentration does not
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Fig. 6 The predicted vs.
observed root densities (log 2
transformed) for fine and
total (fine + coarse) root
system of walnut and wild
cherry trees with 5=0.3 and
4=0.6 for walnut and 5=0.4
and 2=0.8 for wild cherry.
The solid lines indicate 1:1
relationship. The vertical
bars indicate one standard
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limit root growth. In an optimal condition where soil
resource availability is not limiting, we assume that
root growth rate is not limited by root concentration.
In natural conditions, root growth strongly depends on
the local soil water conditions. Soil water availability in
voxels with high root length densities may be rapidly
depleted and the allocations of FRDM that are propor-
tional to the local water uptake (i.e. @>0) would also
rapidly reduce local root growth rate.

‘Genetic x environment’ determined rooting patterns

Acock and Pachepsky (1996) defined a plagiotropism
factor in dynamic root models as a preference for
horizontal rather than vertical colonisation; others
assume that the downward root extension does not
have a deterministic vertical component and depends
on the state of soil variables in the upper layers. The
root voxel automaton may be parameterised to be
fully opportunistic. If 1=0.67 and 1n=0.5, the autom-
aton has no preferential growth direction. In that case,
the root growth will be governed only by local soil
water conditions. Such a neutral architectural param-
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eterisation may be used to test the relative importance
of genetic and environment controls on root systems
development. Many authors agree that the observed
plant root distributions are the result of a genotype x
environment interaction, but the limited evidence of
the role of genotype difference in plant root distribu-
tion may be due to the lack of suitable observation
methods (van Noordwijk et al. 1996).

Hybrid walnut and wild cherry are two tree species
with different habitat preferences. Walnut trees are
reputed to thrive on deep alluvial soils and have deep
tap-roots, while cherry trees have a more superficial
tree root system and cannot face severe drought. We
therefore expected different root growth behaviours
between the two species, but it was not easy to predict
if this would be true in perfectly uniform soil
conditions as imposed in the homogeneous perlite
substrate experiment. We ended up with different
rooting patterns, reflected by different automaton
parameters. This confirms the genetic control of the
root system of young tree seedlings.

The root model can satisfactorily explain the
difference in rooting behaviour between the two
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species with two parameters. The values of other
parameters were derived from published references.
Since tree root systems are usually much less dense
compared to crop’s such as maize where Grant (1989)
and Hayhoe (1981) used an o value of 2,500 m m >,
we proposed a value of 1,000 m m > for both tree
species. 11 was considered as 0.8 for both walnut and
wild cherry after observing the number of roots
extending upward when uprooting the trees. Mulia
(2005) estimated ¢ equals 0.7 for hybrid walnut of the
same species using a split root experiment. Due to the
lack of data, the same value was applied for wild
cherry. A zero value of p indicates that the effect of
voxel-stembase distance to FRDM allocation was not
verified with the pot experiment.

An upward extension of a root system is common
and has been reported in the literature (e.g. Singh et
al. 1989; von Carlowitz and Wolf 1991). It occurs for
example with perennial root systems that are partially
destroyed by superficial soil tillage. The ability of the
tree root system to grow back upward determines the
effectiveness of some root management options such
as root pruning or the installation of root barriers. The
effectiveness of such practices is reduced if tree roots
can rapidly grow upward from beneath the root
barrier or the tillage horizon. The root model is able
to cope with these issues, and uses a topological
voxel-stembase distance in all the algorithms that
fully account for tortuous roots. Root barriers and root
pruning may result in voxel-stembase distances that
are much higher than the Euclidian distance.

Increasing model complexity

It is well known that plant root systems are more
developed in rich soil patches with higher water and/
or nutrient concentration (De Jager 1985; Robinson
1994). This is regarded as an obvious foraging
mechanism whereby plants compensate for the vari-
ability of soil, and adapt to inter-specific competition.
The root automaton so far incorporates only the water
extraction success control. This could be extended to
include mineral capture success indicators. Pages et
al. (2000) reviewed existing models of plant root
growth designed with continuum representation. They
found that soil water content is the soil factor mostly
considered by root models, followed by soil temper-
ature, nitrogen and soil strength. The way of
combining the effect of different soil factors is

however controversial: some models assume that the
most limiting soil factor determines root growth (e.g.
Asseng et al. 1997) while others take the additive or
multiplicative effect of different soil factors (e.g.
Addiscott and Whitemore 1987). Empirical evidence
of hydraulic redistribution of soil water through tree
root systems that connect wet and dry layers of soil
(Bayala et al. 2008) adds further complexity and
opportunities for positive and negative feedback in a
model where dynamics of water and root develop-
ment have a two-way linkage.

Another future important element of the root model
will be the simulation of root decay, with consequen-
ces for the length of time fine roots can survive in dry
soil zones as alternative to their re-emergence after
rewetting of a soil layer (van Noordwijk et al. 1998).
To our knowledge, three basic types of modelling root
decay exist in the literature (van Noordwijk et al.
2004): either proportional to existing root length
density according to a certain fraction, which leads
to an exponential decay curve of surviving root
length, based on a fixed lifespan of individual roots
(varied between branching orders) and/or dominated
by external environmental conditions. The soil factors
determining the decay rate, however, vary between
authors. In their review paper, Pagés et al. (2000)
mentioned soil aeration, soil moisture and soil
temperature as important soil factors, but also plant
phenological stage, internal N level and plant water
stress condition. In temperate regions, root death due
to cold and anoxia are very important aspects of root
system dynamics. We are currently incorporating the
root decay process in the model. In the pot experi-
ment, only at the final harvesting date we did observe
very few dead roots. We therefore assumed that no
root decayed during the experiment, resulting in good
estimate of the actual root densities. It is well known
that coarse root system provides both mechanical
stability and water transport for the trees. Both plant
internal and environmental factors influence the
development coarse root system. Soil slope and
external forces such as wind action influence the
formation of tree coarse root system for mechanical
stability (Coutts et al. 1999). The current model
version only considers the function of coarse root
system as the pathway for water transport. Modelling
coarse root system that provides mechanical stability
as well would be a challenge for the next version of
the root model.
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If a simulation of the root model starts with a
rooted system that is occupying only one voxel, there
is no need to initialise the coarse root biomass and
topology. But if the simulation starts with a larger
plant that colonise several voxels, it is necessary to
initialise the coarse root system (both coarse root
topology and biomass distribution). For a large plant,
there are likely two ways to initialise the automaton:
voxel by voxel (free root distribution pattern), or
using an algorithm that generates a standard fine root
distribution pattern with a given rooted volume
(ellipsoidal, spherical or conical) and a pattern of fine
root distribution within this volume (decreasing or
uniform root densities with distance from the stem-
base). A more difficult issue is to find a simple way to
initialise coarse root topology of larger plants.
Another challenging task will be to develop a 3D
visualisation module that visualises the 3D coarse
root topology. All these aspects of modelling exten-
sion will be considered for the next versions of the
root model, but should not alter the two key
advantages of voxel automata: its simplicity and the
parsimonious number of parameters.

Potential model applications

Natural environment is usually patchy in every
direction both above and belowground (Fitter et al.
2000; Hutchings and John 2004). It is particularly true
in mixed cropping systems such as agroforestry where
low-density tree stands grow with intercrops. In these
systems, degree of heterogeneity increases due to
uptakes of competing plants. A strong gradient of
resources usually occurs between planting zones. An
‘unusual’ shape of plant root system might be found
because roots have to adapt to a very patchy
environment for successful resource uptakes. Within
this shape, a negative exponential decrease of root
density from the stembase as assumed by many plant
root models is not respected; replaced by a root
density distribution resulting from local response of
the root system to resource availability (Mulia and
Dupraz 2006). In all cropping systems, spatial soil
resource heterogeneity occurs in case of rainfall that
creates gradient of humidity between soil layers.
Interception of tree canopy to rainfall also creates
relatively lower soil humidity in areas below the
canopy. In dry or sub-humid regions, superficial soil
layers are usually very dry in summer and plant root
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systems have to go deeper to access deep soil water
for survival. An application of usual crop manage-
ments such as irrigation and fertilisation can also lead
to a resource gradient between soil layers. Adaptive
responses of root systems to their environment have
much been shown by the result of different types of
pot experiments. Some studies designed a horizontal
or vertical soil resource gradient between pot com-
partments, and some applied a localised water or
nutrient enrichment (e.g. Birch and Hutchings 1994).
Root density distribution observed in these treatments
is usually compared to those observed in a ‘control’
treatment. The root model assumes no predetermined
hypothetic function of root distribution and allows
roots to react to their local resource condition. Its
continuum presentation allows an easy coupling with
soil water balance and uptake models that are
designed with a continuum presentation. It can
estimate root distribution when foraging trait of root
system is completely under influence of local resour-
ces or when a certain degree of genetic preference is
assumed in the root colonisation process. A plot-scale
model simulation with mature plants will however
involve soil voxels with much bigger dimensions than
used in the pot experiment for the model parameter-
isation. The values of 3 and A for walnut and wild
cherry were estimated with fine root densities mea-
sured on small voxels (10 cm scale). For a simulation
with bigger voxel dimensions, the application of the
scaling rule to compensate for the effect of voxel
dimension is required. In the soil water balance and
uptake models, voxel dimension is also taken into
account in the calculation of soil water content in the
voxels. When the root model is coupled with these
models, the effect of voxel dimension will be
considered both in the calculation of soil water
content and of the value of architectural parameter 3
and A. It is intriguing to investigate the interplay effect
between soil water content, uptake and root growth
when bigger or smaller voxel dimensions are applied.
Studying the results of model applications in soils
with different patterns of heterogeneity would be the
next task.

Conclusion

It was a challenge to produce a dynamic root
growth model that applies at the scale of the whole
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plant, predicts the growth in 3D heterogeneous soil
environments and still remains parsimonious in param-
eters. The suggested solution is an environment-
sensitive automaton with only six parameters, and
can easily be linked to a soil-water budget model
and incorporated in a full plant or population
model. These models are very intensive in calcu-
lations, and all previously existing 3D models of
roots dynamics were unfortunately not usable in
such models. This was a strong limitation to many
studies in plant ecology or agronomy, including
carbon sequestration (Woodward and Osborne
2000) studies or mixed cropping (Malézieux et al.
2008) studies where the dynamics of the below-
ground part of the plants is often ignored. The
proposed solution is a root model driven by the
diffusion of fine roots across a medium compart-
mentalised in voxels, and linked by a coarse root
system that is self-generated by the model. The
ability of the model to generate a variety of rooting
patterns in various soil conditions and to explain a
contrasting rooting system of two temperate species
was tested successfully. The main future develop-
ment of the model will be the integration of more
environmental controls on root growth (including
mechanical resistance and aeration, both of which
depend on soil water content) and simulation of root
decay. Due to the flexibility of the root model in
simulating the shape of a root system, the coupling of
the root model with a tree-growth and soil-based model,
or with a model simulating mixed system such as
agroforestry stands will give new insight on how the
root system of trees or competing plants grow and share
resources available in heterogeneous soils.
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