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The objective of this work was to investigate and model the distribution of
secondary roots along the taproot and its relationship with the position of the cotyledons.

Root systems of seedlings grown in field conditions at three different sowing dates
and root systems of seedlings grown in nutrient solution were observed. Distances between
individual secondary roots, distribution of branches along the taproot and the relationship
between this distribution and the position of the cotyledons in the hypocotile were also
recorded. The distribution of branches was analysed using Markov chains.

The secondary roots inserted in the top 150 mm of the taproot appear in two
vertical planes. The secondary roots inserted in the rest of the taproot appear only on both
sides of the plane in which the cotyledons are inserted in the hypocotile. In this zone, the
minimum distance between branches was 1 mm. The data of the three sowing dates in field
conditions were well described using first order Markov chains. Graphic simulations
calculated with these parameters gave realistic views of root systems. Markov chains are then
a valid tool for modelling the root branching of sunflower seedlings.



INTRODUCTION

In order to obtain a good estimate of mineral and water uptake by the plant, it is
necessary to know the architecture of root system. A study on the sunflower root system was
started in 1988, which set the basis for building an architectural simulation model
(Aguirrezábal & Tardieu, 1996). The model estimates the growth of primary and secondary
roots taking environmental factors (temperature and radiation) as input variables. The
branching of the taproot is estimated from the density of the branches. This density is high at
the taproot base and decreases with depth, stabilising at about 150 mm deep. The model
cannot estimate the spatial distribution of branches along the taproot. This distribution could
be regulated by the aerial part of the plant (McCully, 1975, Scheres & Berleth, 1998).

The objective of this work was to investigate and model the distribution of the
secondary roots along the taproot and its relationship with the position of the cotyledons.

MATERIALS AND METHODS

Experiment 1: Plants (Hybrid Ludo) were grown in growth chambers at 22,5 ± 1,7 °C, with a
16-hour photoperiod and an incident radiation of 350 µmol m-2 s-1). Seeds from fruits
embedded during eight hours were put to germinate in an absorbent paper sheet with small
holes, into a recipient with nutrient Hoagland solution. The whole system was covered during
the first days with plastic to avoid seed desiccation and light incidence, and with aluminium
paper to avoid heating. Nine days after sowing, the seedlings were fixed in FAA. The
distribution of the secondary roots along the taproot and its relationship with the position of
the cotyledons in the hypocotile were characterised.

Experiment 2: Plants (Hybrid Ludo) were grown in the field at Grignon, near Paris. The
sowing dates were: SD1 (May 24), SD2 (July 27) and SD3 (September 6). Temperature and
the incident  radiation are stated elsewhere (Aguirrezábal et al, 1994). Before sowing,
windows to watch the root systems were installed in the soil, with an angle to the vertical of
20° and covered to prevent light from reaching the roots. At the end of each experiment (10
leaves stage), a transparent plastic sheet was laid upon the windows and the root systems were
traced (Aguirrezábal et al, 1994). Different sides of the taproot were identified. In each of
them, the total number of roots and their position in the taproot  distance from the base) were
registered. The distribution of the secondary roots along the taproot was subsequently
analysed using Markov chains (Jourdan et al, 1995).

RESULTS
Characterisation of the sunflower root system branching

In the first 150 mm, the secondary roots appeared on four sides of the taproot,  two
of which were in the same plane as the cotyledons insertion points in the hypocotile and the
other two were perpendicular to it. In the rest of the taproot, the secondary roots appeared
only in the two sides in the same plane of the cotyledons insertion point.

The branching density of the taproot varied among its sides. The most two prolific
sides were those in the  plane of the cotyledons. The most prolific side in the first 150 mm
was also most prolific also at greater depths.



Under the 150 mm depth, the distance between secondary roots belonging to the
same side of the taproot varied from 0 to 179 mm in all experiments. The distribution of these
distances were not similar between sowing dates, even for the same side of the taproot. Figure
1 shows the distribution of distances between secondary roots for the most prolific side in
SD2 and  SD3.

Figure 1: Distribution of distances between secondary roots in the most prolific side of the taproot, from 150
mm deep to its end, for SD2 and SD3.

Different distributions (Gamma, Weibull, etc.) were adjusted to the distances
between secondary roots inserted at more than 150 mm depth. Because no functional
expression modelling  adequately all sowing dates was found, the distribution for roots
inserted at more than 150 mm was modelled using Markov chains. This method enables
modelling continuous data, like the distribution of branches in the taproot, in a discrete way.
For this, it is necessary to define the minimum length to be characterised, i.e. a sample unit,
and the possible states this unit can be in (e.g. branched or unbranched). Recording the status
of the first unit and the transitions of states between successive units, the whole series of unit
is characterised.

Estimation of the parameters of the model

The sample unit was 1 mm (minimum distance between two consecutive roots in
the same side of the taproot). Four possible states for a unit were defined:
State 0: Unbranched unit.
State 1: Unit with one secondary root, in the least prolific side.
State 2: Unit with one secondary root, in the most prolific side.
State 3: Unit with two secondary roots, one in each side.
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The state of the first unit was defined by an initial probability. Table 1 shows the
probability of occurrence of the four possible states for each sowing date. In the evaluated
conditions, there is a high probability that the initial unit is unbranched.

Table 1: Initial probabilities of occurrence of the four possible states in the first unit of the deeper zone of the
taproot (under 150 mm).

State of the Sowing date
first unit SD1 SD2 SD3

0 0.58 0.50 0.75
1 0.17 0.50 0.25
2 0.25 0.00 0.00
3 0.00 0.00 0.00

Once the state of the first unit is defined, the sequence of events continues in an
acropetal way. The transitions between states are calculated from a matrix of probabilities.
These probabilities must be constant with depth, i.e. they must be independent of the unit.
Figures 2 and 3 show the probabilities of occurrence of States 0, 1 and 2 from 150 to 580 mm
deep.

Figure 2: Probability of occurrence of State 1 along the taproot, for plants cultivated in SD1.

Figure 3: Probability of occurrence of States 0 and 2 along the taproot, for plants cultivated in SD1.
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It can be seen that the probabilities of occurrence of these states do not show trends.
They are in average similar at any depth. Since the number of samples was low, the
probability of occurrence of State 3 is not shown. However, its probability of occurrence is
constant in all the depth (data not shown). The probability of occurrence of each state for the
other sowing dates were also similar at any deep (data not shown).

The state of each unit is calculated with a probabilistic function and depends
exclusively on the branching state of the preceding unit. Table 2 shows the probabilities of
transition of states for all sowing dates.

Table 2: Probabilities of transitions between unit states for the three sowing dates.

Initial state of the unit Sowing date
Unit n-1 Unit n SD1 SD2 SD3

0 0 0.888 0.868 0.874
0 1 0.041 0.056 0.045
0 2 0.068 0.075 0.078
0 3 0.002 0.000 0.001
1 0 0.941 0.903 0.919
1 1 0.008 0.013 0.000
1 2 0.042 0.082 0.080
1 3 0.008 0.000 0.000
2 0 0.929 0.915 0.942
2 1 0.063 0.066 0.048
2 2 0.008 0.017 0.008
2 3 0.000 0.000 0.000
3 0 0.933 0.000 1.000
3 1 0.000 0.000 0.000
3 2 0.067 0.000 0.000
3 3 0.000 0.000 0.000

In the three sowing dates, the probability of transition from any state to State 0
(unbranched) is high. The probability of transition to State 2 is higher than to State 1, which
accounts for the greater prolificity of its corresponding side. The variability observed in the
probability of transition to State 3 is a consequence of the low frequency of its occurrence. In
SD2, the probability 3-0 differs from the others so much because there were no State 3
samples.

The branching model

- The taproot appears at the germination (Day 0). Its growth is calculated as a function of time
and soil temperature. From two leaves stage on, the intercepted radiation is also considered.
- The first secondary root appears when the taproot has a determined unbranched length,
which can be calculated by the model. The position of the cotyledons (their insertion plane in
the hypocotile) determines the position of the secondary roots.
- The branches in the top 150 mm of the taproot are disposed in four perpendicular sides,
which can be calculated from empirically obtained probabilities (data not shown). The
distances between branches placed in the same side are determined from empirical
distributions.
- In the rest of the taproot (more than 150 mm deep), Markov chains are used. The branching
state of the first unit is defined with an initial probability (Table 1). From this state, a series of
transitions defined by the probabilities shown in Table 2 is launched.

The schematic representations of root systems estimated by the developed model
were similar to those of the root systems grown in field (Figure 4).



Figure 4: Schematic representations of sunflower root systems estimated with the model (A) and cultivated in
soil (B), for roots inserted at more than 150 mm.

FINAL COMMENTS

This work shows that Markov chain is a useful tool for modelling the distribution of
secondary roots on the sunflower roots systems of seedlings grown at different environmental
conditions. By incorporating this model of root branching to that developed by Aguirrezábal
& Tardieu (1996), it will be possible to estimate the distribution of the insertion points of the
branches along the taproot. This branching model, together with a future study of the
trajectories of the branches in the soil could help to improve the capability for estimating the
mineral and water uptake of sunflower plants.
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