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Abstract
A 3-dimensional model of sunflower plant is built, which allows simulating the plant-
environment relationships and will eventually be a powerful tool for modeling genotype x
environment interactions and consequences of planting density. It was built by using mechanisms
based on experimental relationships which apply to a wide range of experimental situations. The
software simulates spatial and temporal changes in plant architecture. This enables one to analyze
the feed-back consequences of temporary light or water deficits on the plant leaf area. For
example, a temporary light deficit results in a reduction of leaf expansion rate. This in turn
reduces further interception of light by the whole plant and affects, through a feed-back process,
the growth rate of newly initiated leaves which were not affected themselves by the light deficit.
Our objective is now to simulate the growth of the 3D plant model in permanent interaction with
its meteorological environment through bi-directional integration between the “growth-engine” of
the simulation of plant architecture and ecophysiological models. This will be done through
conception and development of an integrated software.

1. Introduction
Analysis of the responses of leaf expansion to air temperature, solar radiation and vapour
pressure deficit has progressed recently (e.g. Granier and Tardieu, 1998a). However, the
simulation of abiotic stresses on plant leaf expansion by crop models is often unsatisfactory,
especially for moderate and transitory water deficits. The integration of the new results involves
that the whole canopy should not be represented as a single plant layer placed in an homogenous
diffusing medium. It should be represented as a set of organs, each with his own pattern of
expansion depending on his nature, development stage and environmental conditions. This
approach also requires an estimation of the local meteorological environment of each organ.
These requirements can be fulfilled by using a 3D-plant model. Computer graphic methods have
been developed to construct, simulate and display the 3D-plant architecture and to represent the
canopy such as a set of organs and of plants growing in time and space. These architectural
models are able to describe the architectural variability of a plant population observed at a given
time or at a given phenological stage with stochastic processes (Reffye, 1991), but are not able to
simulate the dynamic effects of abiotic stresses on plant architecture.

Our objective is to integrate the recent findings in plant physiology and the architectural
models for the prediction of plant development in various environmental conditions. We have
chosen to work first on the response of plant leaf expansion to solar radiation in sunflower. The
final leaf area of sunflower plants is variable even without abiotic stresses (Granier and Tardieu,
1998b, 1999ab). The individual area of leaves at a same position on the stem could sextuple and
the plant leaf area could triple depending on the environmental conditions. These changes in plant
leaf area affect the radiation interception efficiency and, in the end, condition the potential yield



of the crop. They have been related to the thermal and light conditions during the whole period of
plant leaf expansion.

A framework of analysis was established on the leaves on positions 8 and 16 on the stem to
integrate the effects of temperature and light on leaf expansion rate. During the first half of leaf
growth, the expansion rate is exponential. Then, it declines gradually until the end of leaf
expansion (see Granier and Tardieu, this issue). The duration of each phase is stable if expressed
as a function of thermal time from leaf initiation. Moreover, the maximum rate of leaf expansion
expressed per unit thermal time is also stable. A light reduction during the period of leaf
exponential expansion decreases its final area (Granier and Tardieu, 1999), thereby reducing the
light interception coefficient by the plant.

Our objective is to analyse the effects of temperature and solar radiation on leaf expansion
of sunflower plants with 3D numerical plants integrating the time course of potential expansion
rate of each leaf and the effects of temperature and light on expansion rate at organ level. This
integration will enable to quantify the effects of solar radiation on plant leaf growth. The
hypotheses that we tested are that (i) a light reduction affects dynamically the rate expansion of
each leaf according to its development stage, (ii) the expansion rate of each leaf could be related
to the intercepted light by the whole plant.

2. Materials and methods

2.1. Field and greenhouse experiments
Leaf growth data were obtained on the hybrid Albena in a wide range of environmental

conditions, including various combinations of temperature and light intensity. This set of
experiments resulted in 9 contrasting combinations of temperature and light leading to plant leaf
areas from 0.8 m² to 2.4 m² per plant. (i) Two greenhouse experiments were carried out during
winter in 1998 and 1999 to obtain environmental conditions combining classical temperature
ranges for sunflower (21 to 23°C) and low radiation levels (15 to 30 mole.d-1 of
photosynthetically active radiation (PAR)). (ii) Two field experiments were carried out in 1998
and 1999. The mean air temperature was 25°C and the daily cumulated PAR from 40 to 60
mole.d-1 in both experiments. In 1998, the plant density was 0.06 pl.m-2 in order to avoid the plant
competition for light and to obtain high levels of intercepted PAR per plant. (iii) Two levels of
individual leaf masking (one leaf in two and 3 leaves in four) were also applied to modify the
amount of intercepted light per plant. In 1999, the 1998 field treatments were repeated. (iv) Plots
with agronomic plant density (8 pl.m-2) were shaded on 400 m² with 3 treatments, no shade,
shade from 220 to 420 CDD from emergence and shade from 420 to 580 CDD from emergence.

The plant architecture and growth were characterised at 2-d intervals by determination of
phenological stages and measurements of length and diameter of internodes; length, diameter and
insertion angle of petioles; length and width of leaves as well as the allometric relationships
within the blades to determine the blade shape. These measurements were made on all organs on
the stem of 4 to 6 plants per treatment. Environmental conditions were recorded every 10 s on a
data logger (Fig. 1). Measured variables were air and meristem temperatures, leaf temperatures at
various positions on the stem, relative humidity and irradiance. The irradiance conditions were
characterised with measurements of total downward solar radiation and of direct and diffuse PAR
at 2 m from the soil and PAR from 16 sectors of the sky hemisphere.



2.2. Construction of a 3D plant model and simulations of 3D numerical plants
The AMAPsim software (Barczi et al., 1997 ; Rey et al., 1998) was used to construct the

3D plant model. In this software, the construction of the 3D plant model and the simulation of 3D
numerical plants use a formal model (oriented automaton) based on the notion of “reference axis”
(Reffye, 1991). Every meristem of one plant products axes or organs whose morphological
characteristics enable to classify them according to their physiological age” (Barthélémy et al.,
1997). Definition of a numerical and oriented axis then enable the translation in ordered manner
of the whole set of physiological ages of the different organs.

Development models were established for all the organs, with their architectural
parameters (Fig.1). Considered ontogenetic stages were initiation, end of the exponential
expansion and end of the expansion. These development models were established for internodes,
petioles and blades. Considered architectural characteristics were length, width, area, diameter,
insertion angle. Growth patterns were characterised according to organ types: definite growth for
blade surfaces, indefinite growth for internodes diameters for example. The RER (relative
expansion rate) formalism was calculated as a function of thermal time as the local slope (at
thermal time j) of the relationship between the logarithm of length or area (A) and thermal time.

RERleaf.j = [d(ln A)/dt] j
The size and the shape of the organs were then simulated using (i) information including

successive steps of the development models, (ii) relative expansion rate, (iii) 3D information, in
order to obtain the right sizes of the whole set of organs during all the duration of plant growth.

2.2. Computing the radiative balance in 3D numerical plants
3D numerical plants allow calculations of the radiative balance at plant or organ levels at

each step of plant development (Dauzat and Eroy, 1997). The software developed split the sky
hemisphere in 46 sectors according to the Den Dulk’s “TURTLE” model (Fig. 1). 3 programs
simulate the radiative transfers within the canopy. A first program, MIR, calculates the
interception of the incident radiation by the vegetation elements and by the soil. A second
program, MUSC, calculates the multiple scattering of the intercepted light at different levels of
the canopy. These two programs provide a detailed radiative balance of the canopy illuminated
from each direction. A third program, RADBAL, combines the results obtained for the different
directions according to the instantaneous or integrated sector brightness and the total radiative
balance can then be obtained for any radiative condition. Thus, PAR absorbed at plant or organ
level was calculated from the observed micrometeorological data and the 3D numerical plants at
each time of the plant cycle.

A simulation analysis on the sensitivity of radiative balance calculations to the plant
architectural parameters was carried out in order to assess the relevance of the representing mode
used to simulate the 3D numerical plants.
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Fig. 1. Description of the model



3. First results
The model development of all the observed plant organs was established. It showed that

the RER formalism is appropriate to describe the expansion time course as well of internodes and
petioles than blades. The duration of development of all these organs was stable in a wide range
of light conditions, but they were slightly lengthened for very low light level and for the highest
position organs on the stem.

The widening of the use of RER formalism, established for leaves 8 and 16, to all the leaves
of the stem showed a complex pattern of time courses of rate expansion depending on leaf
position on the stem. A general pattern of RER was observed in all organs during the first half of
organ expansion with a rapid exponential decline of RER at the very beginning of organ
expansion until a plateau value consistent with previous results. This general pattern was affected
by a simultaneous decrease in RER observed from the head initiation for all the organs but
limited to their exponential expansion period. The level of this RER drop increased with the rate
of head growth. This drop came on top of the decrease due to light stress. These effects stopped
when the leaf began to export photosynthates, approximately at the end of the exponential
expansion period. Then, RER declined exponentially. The rate of RER decline was unaffected by
light conditions but was function of the organ position on the stem. Higher was the position on
the stem; lower was the rate of the RER decline. A simple model of three equations under
development can account for this complex pattern.

The radiative balance calculations on 3D numerical plants showed that the blades are the
main contributors to light interception and that the other organs are negligible (Fig. 1). On the
other hand, the self-blade shading within the leaves of a plant is not inconsiderable even during
the first stages of plant development. This self-shading is around 20% at the beginning of plant
development, and then increases regularly during plant leaf growth until 50% at the end of
flowering. Moreover, the self-blade shading is increased of approximately 10% for cloudy days
with high proportions of diffuse radiation.

4. Outlook

The set of plants obtained in the nine studied combinations of light and temperature was
represented by 3D numerical plants with RER formalism at any time of their development. So,
with radiative balance calculations, it was possible to obtain synthetic variables such as PAR
absorbed by the whole plant. These results allow determining the relationship between the
changes in leaf expansion rates and light conditions.

The next step is now the construction of an integrated software allowing dynamic and bi-
directional interactions between the 3D numerical plants and their environmental conditions
(Fig.1). This will allow calculating expansion rules of each organ of the plant in relation with
their microclimatic conditions, using radiative balance of the 3D numerical plants. The expected
results of this step will be the calculation of new parameters of the 3D-plant model and to
dynamically modify them in relation with the changing environmental conditions.

This integrated software will enable us to construct dynamically the evolution of the leaf
area of sunflower plants in changing environment. At the end, it will be possible to test effects of
various cultural techniques on radiation interception efficiency, such as sowing date, plantation
density, and wideness between rows of plantation. It will also enable to conduct a predictive
analysis of the response of new genotypes with contrasting architectures. At last, the effects of



water deficit on expansion rate and calculations of the water budget at crop level will be
integrated to simulate various agronomic conditions.
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