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Abstract. Light interception is a major factor influencing plant development and biomass production. Several methods
have been proposed to determine this variable, but its calculation remains difficult in artificial environments with
heterogeneous light. We propose a method that uses 3D virtual plant modelling and directional light characterisation to
estimate light interception inhighlyheterogeneous light environments such asgrowth chambers andglasshouses. Intercepted
light was estimated by coupling an architectural model and a light model for different genotypes of the rosette species
Arabidopsis thaliana (L.)Heynhandasunflowercrop.Themodelwasapplied toplantsofcontrastingarchitectures, cultivated
in isolation or in canopy, in natural or artificial environments, and under contrasting light conditions. The model gave
satisfactory resultswhen comparedwith observed data and enabled calculation of light interception in situationswhere direct
measurements or classicalmethodswere inefficient, such asyoungcrops, isolatedplants or artificial conditions. Furthermore,
the model revealed that A. thaliana increased its light interception efficiency when shaded. To conclude, the method can be
used to calculate intercepted light at organ, plant andplot levels, in natural and artificial environments, and should be useful in
the investigation of genotype–environment interactions for plant architecture and light interception efficiency.

Additional keywords: artificial environment, radiative model.

Introduction

Light interception is a major factor in plant development, energy
balance and biomass accumulation (e.g. Monteith 1977; Chenu
et al. 2005). Evidence for strong genetic controls has being
found for architectural traits affecting light interception, some
of which have already been exploited indirectly through plant
breeding foryield (e.g.Debaeke et al. 2004;Triboi et al. 2004).As
the amount of light intercepted by a plant is not directly
measurable, several methods have been proposed to estimate
this variable. Most existing approaches were developed for
uniform canopies in natural light environments, without any
shading or reflection from the experimental surroundings.
However, many physiological and genetic studies are carried
out under artificial conditions, for example, in a glasshouse or a
growth chamber (e.g. Granier and Tardieu 1999; Cookson and
Granier 2006; Walter et al. 2007) where walls, supporting
structures and artificial lighting render the light climate
heterogeneous. In these environments plants experience

different microclimatic conditions depending on their location,
and this might greatly affect their development and physiology
(Measures et al. 1973; Boonen et al. 2002). Thus, spatial
variability in light distribution should be taken into account in
such experimental designs.

Light interception can be estimated in several ways in terms of
plant architecture and light climate. Simple approaches based on
plant leaf area have been proposed, such as the approximation of
light interception from the product of leaf area by incident
radiation (e.g. Granier and Tardieu 1999). Application of the
Beer–Lambert law to canopies is the most common method
(e.g. Kasanga and Monsi 1954; Varlet-Grancher et al. 1989;
Rinaldi et al. 2003). Here, an extinction coefficient (k) is used to
relate leaf area index (LAI) to the fraction of incident light
intercepted. The coefficient k corresponds to the efficiency
with which a unit of leaf area intercepts the incident light. The
higher the value of k, the more efficient the plant leaf area
intercepts light. The Beer–Lambert law is reasonably effective
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for homogeneous canopies, but does not account for 3D plant
geometry and is thus not appropriate to calculate the amount of
light intercepted by an organ or by sparse canopies such as
orchards or vineyards (Louarn et al. 2007). Furthermore, k is
typically assumed to be constant for a crop, whereas it actually
changes rapidly during early plant growth (Louarn et al. 2008)
and varies with cropmanagement factors such as density (Dauzat
et al. 2008). The Beer–Lambert law is also regularly applied with
an average k value regardless of radiative conditions and does not
account for specific variation in radiative conditions, such as
changes in the proportions of direct and diffuse radiation,
the impact of sun position or light heterogeneity in artificial
environments. A second method to estimating light
interception is the mixed model. Developed for orchards and
vineyards, this approach uses the Beer–Lambert law on restricted
volumes, called voxels by analogywith pixels, where leaves form
a homogeneous medium (e.g. Röhrig et al. 1999; Sinoquet et al.
2001; Louarn et al. 2007). This method helps to characterise the
light environment in sparse canopies made up of some dense
zones of vegetation, but suffers from the same limitations of the
Beer–Lambert law concerning light intercepted by individual
organs and the heterogeneous radiative conditions of artificial
environments. A third method considers plants at the organ level,
using 3D virtual plants (Mech and Prusinkiewicz 1996; Sinoquet
et al. 1998; Barczi et al. 2008). In this approach, the light balance
is calculated on plant mock-ups (Chelle and Andrieu 1999; Rey
et al. 2008). This generic approach is time consuming, but is
potentially applicable to any type of vegetation. It enables
estimation of the light intercepted at organ to canopy levels,
throughout plant development, and is suitable for analysing how
environmental and genetic variations in plant architecture affect
light interception.

In the present study, we propose and evaluate a method based
on 3D virtual plant modelling coupled with a light model to
estimate light absorption throughout plant development, in both
natural and artificial environments. Virtual plants were simulated
using the AMAPsim model (Barczi et al. 2008), which

reproduced plant growth and development over time. The light
balance for these virtual plants was calculated using the MMR
lightmodel (Dauzat andEroy 1997;Dauzat et al.2001, 2008) and
a directional characterisation of the light environment. As it is
based on dividing the sky hemisphere into sectors, theMMR light
model enabled simulations of anisotropic light distributions
across the hemisphere. Specific directional light sensors called
‘Turtle light sensors’ were engineered and used to characterise
light heterogeneity in terms of intensity and spatial distribution.
Field, glasshouse and growth chamber experiments were carried
out, with different shading conditions, to: (i) parameterise the
AMAPsimarchitecturalmodel for the simulation of plant growth,
development and architecture of genotypes with contrasting
architecture in a tall crop species (Helianthus annuus L.) and a
small rosette species (Arabidopsis thalianaL.); (ii) adapt the light
MMR model commonly used under natural light conditions to
light conditions observed in growth chambers and glasshouses;
and (iii) test and compare the AMAPsim–MMR combination
with other approaches under such situations.

Materials and methods

The plant measurements carried out in each experimental
treatment were used to build 3D virtual plants for genotypes of
sunflower (Helianthus annuus L.) and Arabidopsis thaliana L.
usingAMAPsim (Figs 1 and 2). Simulationswere carried out on a
daily basis during the vegetative growth period and were
compared with observed data for integrated traits, such as
projected plant leaf area or LAI.

The light environment was characterised to: (i) test the extent
to which incident light and directional light fluxes varied within
the growth chamber and glasshouse; (ii) identify subplots with
spatially homogenous incident light (shading nets were added
where required) and help design experimental layouts; and
(iii) parameterise, run and evaluate the MMR light model. In
MMR, the light environment was simulated from either:
(i) measurements of incident PAR taken throughout the

Col se-1 rot3-1 ron2-2 Col se-1 rot3-1 ron2-2

(a) (b)

Fig. 1. Representation of (a) virtual leaves and (b) plants for different genotypes ofArabidopsis thaliana. (a) Leaf symbols are displayedwith skeleton and
textured representations. (b) Pictures of a sampled plant and 3Dvirtual plants corresponding to an averaged representation of the observed plants. From left to
right: the ecotype Columbia (Col) and the leaf developmental mutants se-1, rot3-1 and ron2-2. Scale bar = 1 cm.
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experiments, field location (longitude and latitude) and time for
the field experiments; or (ii) the spatial and temporal
characterisation of the directional light fluxes specific to each
treatment for the growth chamber and glasshouse experiments.
Specific measurements of the fraction of intercepted light were
carried out to evaluate the combined model AMAPsim–MMR.

Plant material, experimental design and growth
conditions

A. thaliana plants (Fig. 1), ecotypes Columbia (Col-0), Dijon-M
(Di-m), Landsberg erecta (Ler) andWassilewskija (Ws) and their
mutants serrate (se-1; mutant of Col), rotundifolia (rot3-1;
mutant of Col), rotunda (ron2-2; mutant of Ler) and p70S-
KOR (over-expressor of the KORRIGAN1 gene; mutant of Ws)
were grown in growth chambers (Conviron E15; Controlled
Environments, Winnipeg, Manitoba, Canada) in six
experiments (Table 1). Plants were grown in plastic containers
(0.5m wide, 0.2m long and 0.15m deep) filled with a mixture
(1 : 1, v/v) of loamy soil and organic compost. Seeds were
incubated at 4�C for 3 days and then suspended in water to be
sown individually at one seed per cm2.Densitywas reduced twice
per week to ensure that the plants did not overlap. Soil water
contentwasmaintained at a constant level, close to the soil storage
capacity, by daily watering with Hoagland solution (diluted to
one-tenth original strength). Light was provided with a 16-h
photoperiod in Experiments A1 to A5 and with a 12-h
photoperiod in Experiment A6 using a bank of cool-white

fluorescent tubes (neon Slimline F72T12CW; OSRAM
Sylvania GmbH, Munich, Germany) and halogen bulbs
(100W Halolux; OSRAM GmbH).

In the sunflower experiments, hybrids Albena and Heliasol
(Fig. 2), which have contrasting architectures (Helisaol produces
fewer leaves than Albena, has a different leaf area distribution
along the stem and has a more flexible stem resulting in upper
blending), were grown atMontpellier, southern France (43�400N,
3�500E), for five experiments conducted in 1998, 1999 and 2001,
in a glasshouse (oriented E–W) and in a field (Table 1). In the
glasshouse experiments, the seeds were sown in a 12m2 plot at a
density of 2.7 plantm�2 and at a depth of 3 cm in columns (0.14m
diameter and 0.65m height) containing a 1 : 1 mixture (v/v) of
loamy soil and organic compost. The soilwasmaintained atwater
retention capacity by watering the columns three times per day
with a modified, one-tenth strength, Hoagland solution corrected
with minor nutrients. Additional light was provided by a bank of
sodium lampsmaintaining an average photoperiod of 14 h. In the
field experiments, the seedswere sown at a depth of 2 cm in a deep
sandy loam soil (fluvio-calcaric Cambissol) with 0.60m row
spacing and 0.03m between the seeds in a row. Plants were
grown at a density of 5.6 plantsm�2 along rows oriented N–S,
with individual plots for each treatment ranging from 78 to
400m2. Isolated plants were cultivated in the field after a
density reduction to 0.06 plantm�2 at seedling emergence. In
all field treatments, nitrogen fertilisation was applied before
sowing (80 kg ha�1). The soil water potential was monitored

(a)

(b) (c)

Fig. 2. Representationsof 3Dvirtual plants of sunflower. (a)Albenahybrid,with a 100�Cd(cumulativedegree days) growth interval, from
100�Cd to900�Cdfollowingplant emergence inExperimentS2, (b) virtual plot of theHeliasol hybrid at plantmaturity inExperimentS5, and
(c) map of the light transmitted at the soil level at the end of all organ expansion, ~1000�Cd after plant emergence.
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Table 1. Experimental conditions and characteristics
Meanvalues for daily incidentPAR, atmosphericvapourpressuredeficit (VPD)and leaf temperaturewere calculated fromplant emergence to the endof expansion
of all leaves. Vapour pressure deficit corresponds to measurements taken during the lighting period. Col, Columbia; Di-m, Dijon-M; Ler, Landsberg erecta; Ws,
Wassilewskija; se-1, serrate (mutant ofCol); rot3-1, rotundifolia (mutant ofCol); ron2-2, rotunda (mutant ofLer);p70S-KOR, over-expressor of theKORRIGAN1

gene (mutant of Ws) Arabidopsis thaliana

Sowing date Experiment Species Genotype Location Treatment Density Incident VPD Leaf
# PAR (kPa) temperature

(molm�2 day�1) (�C)

24 February 2001 A1 A. thaliana Col Growth
chamber

Control – 10.8 0.34 18.4

24 February 2001 A1 A. thaliana Col Growth
chamber

Moderate
shading

– 5.2 0.34 18.6

24 February 2001 A1 A. thaliana Col Growth
chamber

Severe
shading

– 2.5 0.34 18.3

28 May 2001 A2 A. thaliana Col, Di-m, se-1 Growth
chamber

Control – 9.3 0.71 20.4

28 May 2001 A2 A. thaliana Col, Di-m, se-1 Growth
chamber

Moderate
shading

– 6.4 0.71 20.1

28 May 2001 A2 A. thaliana Col, Di-m, se-1 Growth
chamber

Severe
shading

– 3.7 0.71 19.9

8 November 2001 A3 A. thaliana Col, se-1 Growth
chamber

Control – 11.2 0.51 20.3

8 November 2001 A3 A. thaliana Col, se-1 Growth
chamber

Moderate
shading

– 5.0 0.51 18.7

8 November 2001 A3 A. thaliana Col, se-1 Growth
chamber

Severe
shading

– 3.0 0.51 17.4

24 April 2002 A4 A. thaliana rot3-1 Growth
chamber

Control – 10.0 0.48 20.8

24 April 2002 A4 A. thaliana rot3-1 Growth
chamber

Moderate
shading

– 5.3 0.48 20.5

24 April 2002 A4 A. thaliana rot3-1 Growth
chamber

Severe
shading

– 3.2 0.48 17.7

30 July 2002 A5 A. thaliana Ler, WS Growth
chamber

Control – 8.3 0.49 20

30 July 2002 A5 A. thaliana Ler, WS Growth
chamber

Moderate
shading

– 4.2 0.49 20.4

30 July 2002 A5 A. thaliana Ler, WS Growth
chamber

Severe
shading

– 2.7 0.49 18.4

12 March 2003 A6 A. thaliana Ler, WS,
rot3-1, ron2-2,
p70S-KOR

Growth
chamber

Control – 8.6 0.44 20.4

12 March 2003 A6 A. thaliana Ler, Di-m, WS,
rot3-1, ron2-2,
p70S-KOR

Growth
chamber

Early
shading

– 4.6 0.44 19.8

12 March 2003 A6 A. thaliana Ler, Di-m, WS,
rot3-1, ron2-2,
p70S-KOR

Growth
chamber

Late
shading

– 2.6 0.44 18.2

28 January 1998 S1 Sunflower Albena Glasshouse Control 2.7 20.2 1.79 20.8
5 May 1998 S2 Sunflower Albena Field Isolated

plant
0.06 45.7 1.72 22.4

16 October 1998 S3 Sunflower Albena Glasshouse Control 2.7 8.0 1.36 18.8
11 May 1999 S4 Sunflower Albena Field Control 5.6 40.7 1.40 21.1
11 May 1999 S4 Sunflower Albena Field Moderate

shading
5.6 10.9A 1.24 20.2

11 May 1999 S4 Sunflower Albena Field Severe
shading

5.6 11.1A 1.16 20.8

11 May 1999 S4 Sunflower Albena Field Isolated
plant

0.06 51.4 1.40 21.8

5 May 2001 S5 Sunflower Albena, Heliasol Field Control 5.6 55.8 1.27 22.2

ADuring the shade period.
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by five tensiometers (DTE 1000 system; Nardeux, Saint-Avertin,
France) placed every 0.20m at depths of 0.30–1.10m. The soil
water potential wasmaintained by irrigation above –40 kPa in the
top0.5mof soil over the periodof leaf area establishment to avoid
any reduction in stomatal conductance or leaf growth (Sadras and
Milroy 1996).

Light treatments

In the experiments A. thaliana, the growth chamber was divided
into three subplots, and shading nets (cloth #13; Bouillon, Paris,
France)were positioned to vary the level of incident radiation and
to ensure that incident PAR was spatially homogeneous at the
plant level. The plants in each subplot were subjected to a specific
light treatment (Table 1): (i) ‘control’ treatments with light
intensity exceeding 7.5molm�2 day�1 (i.e. 130mmolm�2 s�1),
corresponding to treatments that donot affect plant leaf expansion
(Chenu et al. 2005); (ii) ‘moderate shading’ with light intensity
between 6.5 and 4molm�2 day�1 (70–113mmolm�2 s�1); and
(iii) ‘severe shading’ with light intensity of less than
4molm�2 day�1 (70mmolm�2 s�1).

In the glasshouse, the plants were grown in the central part of
the building to minimise light heterogeneity. The light
environment was also characterised for another position, at the
edge of the glasshouse, close to the building structures, to test the
extent to which the light environment was heterogeneous in this
building.

In the field, sunflower plants were grown in two 400m2 plots
under a shading net that intercepted 75%of the incident PAR.The
first plotwas shadedduring the visible expansionof leaves7 to13,
which corresponded to the lower third of the leaves in the final
canopy (‘early shading’ treatment). The second plot was shaded
during the visible expansion of leaves 13 to 19, which
corresponded to the middle leaves on the main stem (‘late
shading’ treatment). This latter period finished just after the
appearance of the floral bud. In this experiment the plants
possessed 31.7� 1.1 leaves at maturity.

Environmental measurements

Air temperature and relative humidity were measured using a
thermohygrometer (HMP35A; Vaisala Oy, Helsinki, Finland)
shaded from incident radiation and positioned at plant height
in the growth chamber or 2m above the soil in the field and in the
glasshouse. In each treatment, the leaf temperature was
monitored by 3–4 microthermocouples (Cooper–Constantan)
in the artificial environments (s.d. lower than 0.72�C over the
plant cycle) and by 16 thermocouples in the field experiments
(s.d. lower than 0.5�C), positioned against the leaf abaxial
surface. Incident light was measured using a PAR sensor
(LI-190SB; Li-Cor, Lincoln, NE, USA) above the plants.
Measurements were taken every 10–20 s and then averaged
and stored every 600 s using a datalogger (CR10X; Campbell
Scientific, Shepshed, UK). The environmental conditions are
described in Table 1.

The fraction of intercepted PARwasmeasured twice perweek
in field Experiment S5 using a LAI-2000 plant canopy analyser
device (Li-Cor), following the procedure for row crops
(Anonymous 1992). Each measurement was the average of
12 replicates at various places in the plot. The principle of this

device is based on the use of gap fractions measured by a
hemispherical optical sensor that divides the 2p steradians of
the skyhemisphere intofiveportions.Eachportioncorresponds to
a ‘ring’with agiven rangeof zenithal elevationswhere the skyand
the canopyaredistinguishedusingamonochromatic sensor (plant
components are displayed in black and the sky in white). The gap
fraction of each portion is calculated as the portion of the sky
hemisphere that is not occulted by plant components and
through which incident light can reach the soil. These gap
fractions are then integrated to calculate the fraction of
incident light reaching the ground (see Jonckheere et al. 2004
for more details). These measurements were used to test the
AMAPsim–MMR model and to estimate the extinction
coefficient (k) of the Beer–Lambert law for the Albena and
Heliasol hybrids.

Characterisation of the light environments

To investigate the variability of incident light in artificial
environments, the spatial distribution of incident PAR was
measured in the growth chamber (with and without the
shading net) and in two glasshouse plots (one at the edge of
the building to test the extent to which incident light can
vary within a small plot, and one in the center of the building,
where light heterogeneity was minimal, and where the
experiments were undertaken). Measurements were carried
out using a 0.125m� 0.50m and 0.13m� 0.2m grid in the
growth chamber and the glasshouse plots, respectively.
The measurements were made at the soil level in the
A. thaliana experiments, and at a height of 0.5m (soil level)
and at the top of the mature plants in the glasshouse sunflower
experiments.

The directional light fluxes were characterised using two
‘Turtle light sensor’ devices specifically designed for the
present study (Fig. 3). These devices comprise PAR sensors
oriented to measure light from different portions of the sky
hemisphere. Built according to the den Dulk model (den Dulk
1989), the devicesweremade of pentagonal or hexagonal sensors
that had equal solid angles and were oriented to cover the entire
sky hemisphere without overlapping. The first ‘Turtle light
sensor’, called Turtle_16, was built from 16 individual PAR
sensors for the field experiments (Fig. 3a). A smaller ‘Turtle light
sensor’ device (less than 0.1m across), called Turtle_6, was built
for the artificial envionments and had five lateral faces with a
26.57� elevation and one top horizontal sensor (Fig. 3b). In the
field, measurements with Turtle_16 were made at a height of 2m
in the middle of the trial over the experimental period (in
accordance with meteorological standards). In the growth
chamber, measurements were taken using Turtle_6 at the plant
level using a 0.15� 0.30m grid at the start and end of each
experiment (because light provided by the lamps was constant
during the lighting period). In the glasshouse, a specific procedure
was developed because the light changed over time, and
measurements with Turtle_6 were not taken continually
throughout the experiments. The interaction between natural
light and the glasshouse structures was taken into account by
means of directional transmission coefficients (t). These
coefficients corresponded to the fraction of external light
penetrating into the glasshouse in a given direction over a day,
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and were estimated from the differences between Turtle_6
measurements taken inside and outside the glasshouse. The
t coefficients were assumed to be constant over the entire
experimental period because they mainly depended on the
characteristics of the building structures. The coefficients were
estimated just before the start of each experiment over 10–15
consecutive days, thus encompassing a broad range of light
intensities and compositions (direct v. diffuse light). Artificial
light provided by the lamps was measured during the night using
the Turtle_6. Overall, the light available to plants was estimated
for each direction as the sum of the light coming in from outside
(t�PARouside) and the artificial light from lamps over the lighting
period. These measurements were used in the MMR light model
to simulate directional light fluxes.

Plant measurements

In the A. thaliana experiments, samples of six plants were
harvested every 2–3 days over the first 10 days after plant
emergence and then every 3–4 days until the end of rosette
expansion. The plants were dissected under a microscope
(Leica wild F8Z stereomicroscope; Leica, Wetzlar, Germany)
connected to a video camera (CCD-IRIS/RGB colour video
camera; Sony, Tokyo, Japan). The blade area of each leaf in
the harvested plants was determined using an image analyser
(Bioscan-OptimasV4.10, Edmonds,WA,USA). The lengths and
widths of the blades andpetiolesweremeasured in one sample out
of two. Phyllotaxy and zenithal angles were measured once
per week with a digital protractor (Pro 360, Travers, NY, USA).

In the sunflower experiments, non-destructive measurements
were carried out on eight to 10median plants selected in each plot
on the basis of stem diameter and plant height. Destructive
samples were taken three times per week from four to six
plants at a similar development stage from plant emergence to
capitulum initiation. These plants were dissected under a
microscope and the number and area of the leaves enclosed in
the apical bud were measured as described for A. thaliana. Non-
destructive measurements were carried out three times per week
from plant emergence to cessation of all organ expansion

(~70 days after plant emergence). Plant height, stem diameter,
internode and petiole length and diameter, blade length andwidth
(length > 1mm) were measured using a ruler and digital callipers
(0.1mm), with an average error of 0.01m for plant height and
1mm for stem diameter and blade, internode and petiole
dimension. The angles of phyllotaxy, petiole insertion on
stem, petiole and blade flexion and rotation were measured
with a protractor (Pro 360). Blade shape was studied to ensure
that there was no difference with position on the stem, and that
blade area could be estimated from measurements of only length
and width. A highly significant linear relationship (r2 > 0.99,
n> 300, P < 0.001) was established in each experiment
between the product of length by width and the previously
measured blade area.

Leaf growth and development variables

Variables related to phytomer development were expressed in
relation to thermal time (cumulative degree days (�Cd)),making it
possible to account for differences in temperatures between
experiments and treatments (Table 1). Daily thermal time was
calculated as the difference between the daily mean leaf
temperature and a base temperature of 3�C for A. thaliana and
4.8�C for sunflower (Granier and Tardieu 1998; Granier et al.
2002).

Plant emergencewas defined as the date onwhich the first leaf
was initiated (0.001mm2) in A. thaliana, and the date on which
thefirst leaf pair became visible (3–5mm in length) between open
cotyledons in sunflower.

The timing of phytomer initiation was estimated by a linear
relationship between the number of phytomers initiated and
thermal time. Phytomers were considered initiated when their
primordia reached 0.001mm2 in A. thaliana and 0.04mm in
sunflower, which corresponded, respectively, to the minimum
leaf size observable under a microscope and to the length of the
youngest leaf primordia.

The change in thermal time since organ initiation (tt) was
calculated forblade length andwidth, internodeandpetiole length
and stem diameter in sunflower, and for blade area in A. thaliana

(b) (a)

3 cm10 cm 

Fig. 3. Pictures of the ‘Turtle light sensor’ devices that were used to characterise the directional light environment. (a) The Turtle_16 was built from
16 individual PAR sensors for the field experiments, while (b) a smaller device called Turtle_6 was built with only six faces for the growth chamber and
glasshouse experiments.
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(Y), for each phytomer and each experimental situation as follows
(Lecoeur and Ney 2003):

Y ¼ Y f

1þ exp

�
4ERm

ttm�tt
Y f

� ; ð1Þ

where Yf corresponds to 97% of the final dimension of the
considered organ, and ERm and ttm are fitted parameters
corresponding, respectively, to the maximum expansion rate of
the organ and the thermal time at which this maximal expansion
rate occurred.

In sunflower, blade area was estimated from blade length and
width, as previously described. In A. thaliana, petiole length
(Lpetiole) and width (Wpetiole) were estimated in relation to the
blade area (A) of the considered leaf:

Lpetiole ¼ aþ b Ac; ð2Þ

W petiole ¼ dþ e ln ðAÞ; ð3Þ
where a, b, c, d and e are fitted parameters estimated for each
experimental situation.

Three-dimensional virtual plants

Three-dimensional virtual plants (Figs 1 and 2) were generated to
reproduce sunflower andA. thalianaplants on adaily basis, and in
each treatment, using the AMAPsim program (Chenu et al. 2005,
2007;Barczi et al.2008;Rey et al.2008; for a detailed description
see http://amap.cirad.fr). Plant topology and organ geometry
were specific to each species. Genotype geometry differed
only for blade shape in A. thaliana (Fig. 2) and for organ
orientation and twisting in sunflower. Blades of A. thaliana
were considered to be flat, whereas in the sunflower blade
curvature, winglet elevation and bending of the blade distal
part were reproduced. Blade shape in both A. thaliana and
sunflower varied with leaf rank and with experimental
treatment, and was simulated based on observed data for the
ratio between blade length and width. Blades were simulated by
symbols made up of 8–46 polygons depending on species and
genotype. Phyllotaxy was considered to be stable over time and
experimental situation. Zenithal angles for the different
phytomers decreased over time, following the pattern
observed. Organ orientation and bending for sunflower plants
in the canopy were estimated in relation to distribution based on
measurements taken forfive plants in each treatment. Thus, single
plants in the simulated sunflower canopy differed in terms of
geometry.

Organ growth and development on the virtual plants were
particular to each experimental condition. The timing of
phytomer initiation was calculated from observed data, as
previously described. Leaf blades expanded in response to
temperature, following Eqn (1). Petiole length and width were
estimated from Eqn (1) in sunflower and Eqns (2) and (3) in
A. thaliana. Internode expansion was nil in A. thaliana and
estimated from Eqn (1) in sunflower. Phytomer initiation and
organ growth were established from observed data on an average
plant, meaning that all plants in a plot had organs of the same size
in both A. thaliana and sunflower.

Virtual plots
LANDMAKER software (Auclair et al. 2001) was used to
monitor plant positions in a virtual plot in relation to the plant
design of each situation. The 3D virtual A. thaliana plants were
positioned in the middle of a 0.1� 0.1m virtual plot. Virtual
sunflower plants grown in canopy were positioned in a 3.2m2

plot, every 0.6� 0.3m in the field or every 0.6� 0.6m in the
glasshouse, with small random variations accounting for the
observed deviations from theoretical positions. Isolated
sunflower plants were positioned in the middle of a 16m2 plot.
Seedlings were azimuthally oriented at random. Plots were
virtually duplicated to the infinity in all directions using the
toricity option of the MMR model, such that radiative
simulations were carried out without border effects.

Light balance

The generated 3D virtual plants were used to estimate plant
radiative balance in each light treatment. The radiative climate
in the virtual plots was estimated by theMMRmodel (Dauzat and
Eroy 1997; Dauzat et al. 2008) for short waves (400–700 nm).
This model considers incident light as a set of directional light
fluxes spread over the sky hemisphere (den Dulk 1989). In the
field, 46 directional light fluxes were calculated from incident
light (using a horizontal PAR sensor), field location (longitude
and latitude) and time (Dauzat et al. 2001).Measurements carried
out with the Turtle_16 device were solely used to evaluate model
accuracy in field situations for 16 of these 46 directional light
fluxes. In the glasshouse and growth chamber, only six directions
of light fluxes were used as input into the model (considering six
instead of 46 directions led to 6%differences in the simulations in
the field). The six directional light fluxes incoming from the sky
sectorswere calculated by inverting themeasurements carried out
with the Turtle_6 device for each treatment. The measured
irradiation of each sensor i (Ii) was expressed as a function of
the six incident fluxes (F) oriented along the normals (N) of the
Turtle_6 device:

I i ¼
X6
n¼1

ðN i:NnÞFn; ð4Þ

whereFn corresponds to theflux density in the direction normal to
the sensor n and Ni.Nn is the dot product between the normals of
the sensors i and n, respectively (Ni.Nn is set to zero for angles
between Ni and Nn that were larger than p/2 because the sensors
only receive light from a single hemisphere).

TheMMRcomputer programs simulate the radiative transfers
within layers of the canopy in three steps, as follows. For each sky
sector, the first module, Mir, calculated the interception of the
directional light by the soil and the vegetation elements (each
polygon of the internodes, petioles, blades and the capitulum)
proportionally to the number of their pixels visible in the
considered direction. The second module, Musc, then
calculated the multiple scattering of the intercepted light
within each layer and the resulting additional irradiation of
vegetation and soil. Musc processed exchanges of scattered
radiation between horizontal layers, for each direction. To
reduce computation time, the total scattered light intercepted
was distributed among vegetation constituents proportionally
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to their area, within each layer. The two complementary modules
Mir andMusc provided a detailed light balance of the canopy for
each illumination direction. Finally, the third module, Radbal,
combined the outputs of the previous modules to obtain the
complete light balance of the plot for the light environment of
the experimental situation considered. Organ irradiance was
finally obtained as the sum of partial irradiances by incident
(calculated for each of its polygons) and scattered (calculated at
the scale of the vegetation layer) light received from each sky
sector.

Radiative variables

The fraction of PAR intercepted by the canopy (ei) was calculated
from the daily incident PAR above the canopy (PARincident) and
the daily incident PAR at the soil level (PARincident (soil)):

"i ¼
PARincident � PARincidentðsoilÞ

PARincident
: ð5Þ

According to this definition, ei depicts only the interception of
incident radiation and does not account for scattered radiation.
Measurements of the fraction of intercepted PARwere carried out
using the LAI-2000, based on the gap fraction, which also did not
account for scattered radiation.

Conversely, the calculation of PAR absorbed by a plant organ
includes its interception of incident PAR (PARi(organ)) plus the
additional fraction of light scattered by vegetation and soil, and
intercepted by the organ (PARs(organ)). Thus, the daily PAR
absorbed by an organ (PARa(organ)) is given by:

PARaðorganÞ ¼ ðPARiðorganÞ þ PARsðorganÞÞ * ð1� r� tÞ; ð6Þ
where r and t are the reflection and transmission coefficients
determined for the PAR range, respectively. Reflectances of 0.15,
0.12 and 0.18 were measured for sunflower blades, A. thaliana
blades and soil, respectively, using a spectroradiometer
(Fieldspec; ASD, Arvada, CO, USA). Blade transmission and
reflection coefficients were assumed to be equal for blades (as
proposed by Guyot 1990), and independent of blade face.
Petioles, sunflower stem and sunflower capitulum (mainly
composed of bracts during the period considered) were
considered to have the same reflectance as blades, and zero
transmittance (as proposed by Guilioni and Lhomme 2006).

Relative leaf irradiance (RLI) was calculated to estimate plant
light interception efficiency and was thus expressed relative to
incident PAR. It was defined as PAR irradiance of the blades
(molmleaf

�2 day�1) divided by the product of incident PAR
(molmground

�2 day�1) and plant blade area (A(leaf), mleaf
2):

RLI ¼
PðPARiðleaf Þ þ PARsðleaf ÞÞ

PARincident *Aðleaf Þ
: ð7Þ

Statistical analysis

Fitting parameters in the model (inputs) were computed from
linear and non-linear adjustments using Table Curve 2D 4.0
(Systat Software, Richmond, CA, USA). Fits of observed and
simulated (model outputs) data were evaluated on the basis of
their analytical quality by the coefficient of determination (r2) and
their predictive quality by the coefficient of variation of error
(CVe), which determines the mean error when using a given

equation and a set of parameters to predict a Y value from an X
value. CVe was calculated as follows:

CVe ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðy0i�yiÞ2

p
n�1P yi

n

; ð8Þ

where yi, y0i and n are the ‘observed’ and adjusted values and the
number of data points, respectively. The CVe numerator is equal
to the root mean square of errors (RMSE).

Results

Spatial light distribution in growth chambers
and glasshouses is very heterogeneous

Incident PAR was markedly heterogeneous inside the growth
chamber (0.8� 1.8m) and on a 3m� 4m surface at the edge of
the glasshouse (Fig. 4a–d). Owing to the reflective properties of
the walls, incident PAR at the soil level varied by more than 30%
in the growth chamber. A greater than 30% variation was also
observed for daily incident PAR in the plot at the edge of the
glasshouse, where building structures shaded the plants. This
heterogeneity was greatly increased when using additional
artificial lighting, which generated strong light gradients over a
few decimetres.

Based on characterisation of the incident light distribution,
subplotswere definedwithin eachartificial environment to cluster
the light heterogeneity.The spatial variabilitywas further reduced
with the additionof shadingnetswhere required.Thus, thegrowth
chamber area was divided into three subplots of ~0.5m2, where
shading nets were added to adjust the level of incident radiation.
The resulting incident light only varied by ~6% within these
subplots, and values measured by the lateral sensors of the
Turtle_6 device varied by ~10% for a given direction. In the
glasshouse, experiments were conducted in a small subplot of the
building (12m2)positionednear the centre of the building.Within
this subplot, daily incident light had a maximum variation of 8%
and daily directional light fluxes varied by ~6% for any given
direction.

In these subplots, directional light fluxes were nevertheless
highly variable across directions. When measurements were
taken in the growth chamber without shading, as well as after
adding fine-meshed netting to homogenise incident light
(control treatment), light measured with the Turtle_6 lateral
sensors varied between 40 and 70% of incident light
(measured vertically), depending on the direction considered
(Fig. 4e). The addition of darker shading nets allowed us to
obtain homogenous, low-incident light (moderate and severe
shading treatments), but the nets affected directional light
fluxes: the normalised light flux (ratio between lateral and
vertical incident light) either decreased or increased depending
on the direction considered (Fig. 4e). In the centre of the
glasshouse, external light was reduced from 20 to 80% by the
windows and building structures before reaching the plants
(Fig. 4f ), depending on the direction considered. Artificial
light from lamps also modified the directional light fluxes
received by the plants (Fig. 4f ).

A detailed characterisation of the directional light
environment in which the plants were grown was used by
MMR to reproduce in silico a similar environment over time
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(see the ‘Materials and methods’ section for details). Note that
vertical variability was not considered in either the growth
chamber given the low height of the A. thaliana plants or in
the glasshouse because the modifications in directional fluxes
measured at the two different heights were negligible in the
subplot considered. Thus, the simulations were computed
based on characterisations at the soil level.

Light interception was computed in all situations
using a light balance model applied to 3D virtual plants

Three-dimensional virtual plants were simulated on a daily
basis from plant emergence to the end of plant leaf expansion
from measurements carried out on organ growth, development,
shape and orientation. The geometry of these 3D virtual plants
differed slightly among the genotypes of A. thaliana and
sunflower, whereas the growth and development of their
individual phytomers varied greatly among treatments (data
not shown).

The architecturalmodel accurately simulatedplant growth and
development at the organ andwhole-plant levels. Fits of observed
data for organ number and dimensions were satisfactorily
integrated at the whole-plant level such that the projected total
leaf area of A. thaliana plants was adequately simulated
throughout the plant development period (y= 0.994 x), with a
correlative coefficient of determination (r2) between observed
and simulated values of 0.908 and mean simulation errors,
estimated by CVe, of less than 0.2 (Fig. 5a). In sunflower, the
integration of individual organ growth and development resulted
in simulations of LAI (Fig. 5b) that correlated closely with
observed values (y= 0.975 x, r2 = 0.999, CVe = 0.053). Similar
results were obtained a posteriori when using only half the
measurements to compute the fitting parameters used as model
inputs, thus suggesting that less frequent measurements can be
used to build dynamic 3D virtual plants.

The MMR light calculation model was tested in the growth
chamber, in the glasshouse and in the field (Fig. 6). In artificial
environments, directional light fluxes were calculated from
computed values obtained from measurements in the middle of
each subplot. The simulated values were closely correlated with

measurements carried out at other locations within each subplot,
for each direction (linear fittings with slopes between 0.97 and
1.01, r2> 0.75 and CVe < 0.23), thus indicating that the model
accurately reproduced the directional light environment of the
subplot. In the field, directional light fluxes were simulated based
onmeasurements of incident PAR only. The simulated data were
closely related to the measurements obtained with the Turtle
device (Fig. 6, inset).

Plant light balance simulationswere assessed for plants grown
in canopy under natural conditions where measurements of
overall light interception by the canopy were possible (Fig. 7).
The simulated and measured fractions of intercepted PAR were
compared for theAlbenaandHeliasol hybrids andgaveconsistent
results (y= 0.996 x, r2 = 0.988, CVe = 0.05). Evaluation of the
model was also carried out at the organ level usingmature canopy
plantswith leaf blades cut such that only the stem, the petioles and
the capitulum remained. The fraction of PAR intercepted by these
defoliated plants was 0.3 and did not significantly differ from the
simulated data (0.33).

The virtual plant approach enabled estimation of light
interception where classical approaches are inefficient

The 3D virtual plants coupled with the MMR light model
considered the mutual shading of organs from plant emergence
until the end of plant leaf expansion. In sunflower, changes inRLI
over thermal time showed a similar pattern in each experiment
(Fig. 8). First, RLI decreased for ~200�Cdas the leaves expanded,
causing mutual shading. RLI then increased for 200�Cd as the
stem began to elongate, moving the leaves away from each other.
Finally, RLI decreased again until the end of leaf expansion
because the stem stopped elongating, while the expansion of the
largest leaves increased leaf density and self-shading.
Characteristic values for this pattern varied between the
different situations. For example, isolated sunflower plants at
maturity showedahighRLIvalueof~70%,whereas plants grown
in canopy presented more overlapping leaves and the RLI
decreased to 15%. RLI values also differed over time for the
different experiments and treatments, illustrating the advantages
of an architectural approach.RLIwas higher inA. thaliana than in

Arabidopsis thaliana
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sunflower as only a few leaves of the rosette were shaded
(Figs 2 and 8a). However, no clear pattern over time was
observed in the different experimental situations, supporting
the pertinence of the proposed approach to estimate light
interception in this species as well.

The use of 3D virtual plants to estimate light absorption was
compared with the classical approach of the Beer–Lambert law
(Fig. 9). Note that the coefficient of extinction (k) was determined

by a standardmethod, from direct measurements of LAI and light
interception efficiency carried out in the field at normal density
(Experiment S5). For sunflower cultivated in the field at normal
density (all the treatments ofExperimentsS4and5;Fig. 9g,h), the
two approaches gave similar results (PARa3D = 1.069 PARaBeer,
r2 = 0.70, CVe= 0.024). However, the Beer–Lambert law under-
estimated PARabsorption during early crop development, for the
first 300�Cd following plant emergence (Fig. 9h, inset).
Application of the Beer–Lambert law to a sunflower canopy
cultivated in a glasshouse also appeared to be poor, probably
owing to the marked heterogeneity in directional light and the
low-density canopy (Fig. 9e, f ). In these cases, estimations based
on the Beer–Lambert law were up to 10-fold lower or threefold
higher than estimations based on the 3D approach. Application of
the Beer–Lambert law to isolated plants under-estimated
PAR absorption because more light reaches these plants than
canopy plants for which the coefficient of extinction (k) was
estimated (Fig. 9c, d ).

The PAR absorption calculated by the Beer–Lambert lawwas
also tested for isolated rosette A. thaliana plants in the growth
chamber (Fig. 9a, b). As the coefficient of extinction (k) for these
rosette plants could not be estimated from direct measurements it
was computed from the 3D-based approach. A coefficient of
extinction of 0.94 was calculated for the Columbia genotype
based on data derived from all the conditions investigated in the
present study. This value is consistent with the marked
plagiotropy of the A. thaliana rosette. Under such conditions,
the Beer–Lambert law very accurately calculated the PAR
absorbed by plants (PARa3D = 1.000 PARaBeer, r2 = 0.998,
CVe= 0.068). However, k varied among the genotypes. Had
the PAR absorbed by plants of the rot3-1 mutant been
calculated using the Columbia extinction coefficient, the value
would have been under-estimated by ~50%. The coefficients for
the six other genotypes studied were similar to the coefficient
determined for Columbia, but rot3-1 had a k of 0.61. It is
noteworthy that incident light here was spatially homogenous
because of nets added in the subplots of the growth chamber
(either fine-meshed or darker shading nets depending on the
treatment). Variations observed in directional light fluxes
among the treatments were not taken into account by the
Beer–Lambert law, but their consequences were probably
negligible here because leaves of A. thaliana remain close to
the soil and are mostly horizontal.

Another approach commonly used in rosette plants to
calculate light interception is to consider that light
interception is proportional to plant leaf area. This method
gave satisfactory results for Columbia, the standard A. thaliana
genotype (Fig. 9a, b, PARa3D = 1.092 PARaBeer, r2 = 0.997,
CVe= 0.094). When applied to genotypes with contrasting
architectures or leaf development, this method resulted in
differences of 6–15% with respect to the 3D-based
approach for seven of the eight genotypes tested (Fig. 10).
In rot3-1, this approach led to a 50% under-estimation with
respect to the 3D-based approach. Furthermore, the
precision of this method varied with plant development and
light conditions owing to changes in relative blade
irradiance (Figs 8a and 11), thus underlining the advantages of
the 3D virtual plant approach for studies on light responses in
A. thaliana.
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Discussion

Estimating radiative microclimate in artificial environments

Although growth chambers and glasshouses are designed to
minimise environmental heterogeneity, the light climate within
these artificial environments is highly heterogeneous (Fig. 4).
According to theirmanufacturers, environmental control systems
in growth chambers monitor climatic factors such as temperature
and hygrometry. Plants are nevertheless very sensitive to
variations in environmental conditions in their immediate
vicinity (e.g. Chelle 2005). For instance, even a 2�C difference
in air temperature, as commonly observed in growth chambers,
will affect plant photosynthesis and development (Boonen et al.
2002) andmight dissimulate phenotypic differences between two
genotypes. Heterogeneity is extreme when considering the light
climate. To our knowledge, no existing growth chamber can be
considered as homogeneous in terms of incident and directional
light distribution. Similar problems occur in glasshouses, where
light heterogeneity arises from: (i) local shading of plants by
building structures; (ii) light climate variation over time owing to
the interaction of daily and seasonal sun course with the
glasshouse structures; (iii) artificial lighting (if needed); and
(iv) plants that are usually sparsely grown. For all these
reasons, the Beer–Lambert law cannot be applied in these
situations to estimate light interception (Fig. 9e, f ).

By contrast, 3D virtual plants placed in a virtual plot that
reproduces the light environment can be used to estimate light

interception in such situations. In most cases, 3D light models
consider only an isotropic sky (Hanan and Bégué 1995; Chelle
and Andrieu 1998; Sinoquet et al. 1998). Anisotropic sky effects
have been accounted for in theMMRmodel (Dauzat et al. 2001),
and recently in the DSHP model (Wang et al. 2006), by
assimilating incident radiation from a set of directional point-
light sources. These models enable simulation in artificial
environments, such as growth chambers and glasshouses,
provided that data can be collected on the directional patterns.
In the present study, 3D virtual plants were coupled with the
MMR light model to simulate a broad range of experimental
situations.

Accurate estimations of the light climate were possible in the
present study because the developed method accounted for: (i)
artificial lighting and wall reflection in the growth chamber; and
(ii) for sunlight, the impact of building structures on this sunlight,
and artificial lighting provided by lamps in the glasshouse.
Furthermore, detailed characterisation of the environments,
and the addition of shading nets where required, allowed us to
work in subplots with homogeneous incident light. In these
subplots, the directional light fluxes differed depending on the
considered direction, but were homogeneous for different
positions across the experiment when considering a single
direction.

Given the specificity of the growth chamber or glasshouse, the
lighting system (type of light, number, disposition, age) and the
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c,d ) isolated sunflowerplantsgrown in thefield, (third row: e, f ) canopyplantsof sunflowergrowninaglasshouseand (fourth row:g,h) canopyplantsof sunflower
grown in thefield.Data arepresentedover thermal time since emergence (first column:a, c, e,g) for the control treatmentused in (a)ExperimentA2, (c)Experiment
S4, (e) Experiment S1 and (g) the control treatment in Experiment S4. Data from all treatments are presented versus the estimation based on 3D virtual plants
(second column: b, d, f, h), where the 1 : 1 line is represented by dots. (h) Insert, data corresponding to the early developmental stage (first 300�Cd following
plant emergence).
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season (for glasshouse experiments), each treatment was
considered as a unique radiative system. These radiative
systems can be characterised either by measurement of the
radiative climate, as proposed here, or by modelling the
complete system surrounding the experiment. The method
used in the present study could be further developed by
designing directional light sensors that would measure direct
light instead of hemispherical fluxes, and for various
wavelengths. WiFi technology could assist with data collection
and energy supply. The second approach consists ofmodelling all
radiative interactions among light sources, materials and plants

for a given experimental device (Chelle et al. 2007b). This should
allow simulation of light interception in any heterogeneous
environment and would be particularly useful for modelling
the radiative environment of tall plants in growth chambers,
where plants and external structures interact. However, this
method might require complex description of the 3D structures
(e.g. building structures and light sources) and the
parameterisation of their optical properties, which would be
difficult in complex environments such as glasshouses. The
two approaches are complementary and should both be taken
into account when examining the effect of light on plant
development and physiology. Furthermore, these methods
should be extended to cover the entire solar spectrum, to
account for red : far red (Chelle et al. 2007a) and blue light
effects, and to better estimate the energy balance that depends
greatly on the level of infrared radiation.

Model contribution to research investigations

Using 3D virtual plants coupled with the MMR light model
presents several advantages over classical approaches. First, as
illustrated in the present study, applications are possible in
artificial environments and this might be of interest in
horticulture and for research studies on plant physiology.
Second, the 3D virtual plants used in the present study
reproduced the different plant organs. Therefore, the model
can be used to calculate the light intercepted at the organ level
(Rey et al. 2008), which is advantageous when estimating other
complex physiological variables, such as photosynthesis, that are
greatly affected by the local microclimate (Rapidel et al. 1999;
Franck et al. 2005). Third, this approach can also be used to
estimate the impact of changes in plant architecture on light
interception (Louarn et al. 2008; Rey et al. 2008). For example,
the increase in petiole length caused by our severe shading led to
an almost 10% increase in light interception efficiency in
A. thaliana, and this was only slightly reduced by a change in
leaf shape (1% impact). Fourth, themodel can be used to compare
the light intercepted by plants at different development stages and
in various situations because it accounts for the architectural
responses of plants to their environment. By contrast, the Beer–
Lambert law was designed for well-developed crops grown in
open fields. The results presented here illustrate that, with the
same extinction coefficient (k) over time and in different
environments, the Beer–Lambert law is not suitable for the
early period of plant growth or for isolated sunflower plants
(Fig. 9c, d, h, inset). In such situations, physical measurements of
light interception are also difficult. Thus, the model can be
particularly useful for investigating processes related to the
light intercepted during early development, for example,
structural and functional plant responses to an early stress
(Louarn et al. 2008) or for the light response of leaf expansion
in dicotyledonous plants, which is very sensitive to the light
intercepted during the first exponential phase of leaf expansion
(Granier and Tardieu 1999; Chenu et al. 2005). It is noteworthy
that in the particular case of A. thaliana, both the Beer–Lambert
law and the method based on multiplication of plant area by
incident light gave an accurate estimation of intercepted light for
both artificial conditions and different shading treatments
(Fig. 9b). However, A. thaliana are rosette plants and only
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capture a small proportion of the directional light. The 3D virtual
plant modelling was nevertheless useful to evaluate these
classical methods in such particular conditions. The models
further revealed that the fraction of intercepted light increased
in shaded plants (Fig. 11).

Several methods are currently available to generate 3D virtual
plants and calculate their light climate. 3D virtual plants can be
built from either direct measurements taken using a 3D digitiser
(e.g. Sinoquet et al. 1998), statistical distributions of parameters
describing organ shapes and positions (de Reffye et al. 1988;
España et al. 1998; Louarn et al. 2007) or plant growth
simulations (Mech and Prusinkiewicz 1996; Fournier and
Andrieu 1998, 1999; Chenu et al.1999, 2005). The generation
of 3D virtual plants, particularly those growing over time, still
requires a substantial number of parameters. In our case, we
demonstrated that fewer measurements would have been
sufficient to parameterise the architectural model, without any
significant impact on the results. Further simplifications of
such models might also be possible by considering stable
relationships between phytomer ranks or stable plant responses
to environmental factors (e.g. Tardieu 2003; Chenu et al. 2005).
Combining architectural models with crop models that simulate
plant growth and development at the organ level (Chenu et al.
2008) could be of particular interest to simulate plant
development in response to the environment using only a
small number of parameters. With regard to light models,
several methods have been proposed to simulate light
scattering in virtual plots. Radiosity (Soler et al. 2003) and
ray-tracing (Allen et al. 2005) depict comprehensively
radiative transfers, but are time consuming. Adaptations such
as nested radiosity (Chelle and Andrieu 1998) or the quasi-
Monte Carlo method (Keller 1996) might nevertheless reduce
the computation time. The MMR model further simplifies
the system and performs simulations in a shorter
computation time (several seconds to simulate the light
balance in a sunflower field) with only a standard computer
configuration. This model was suitable for calculating canopy
light balance throughout crop development in all the tested
environments.

A model to compare genotypes

When applicable, both the 3D-based model and classical
approaches can be used to estimate the light intercepted by
various genotypes, provided that the plant architecture is
properly described. To account for genotypic differences,
methods based on plant leaf area generally use a single
genotype-specific parameter that is constant throughout plant
development and between the different situations. Using this
method to compare the light intercepted by different genotypes is
quicker than using the 3D-based approach, but comparisons are
limited to conditions in which these methods are applicable. The
advantage of the 3D-based method is that it allows investigation
of the application range of these methods (environmental
conditions, location, developmental stage, genotype), and
helps to parameterise these methods for various genotypes.
This is of particular interest when direct measurements are
difficult, as illustrated in the present study with isolated
A. thaliana plants grown in a growth chamber (Figs 9a, b and 10).

Another limitation of classical approaches when they are used
to compare genotypes is that they do not account for genotype–
environment interactions. Therefore, such approaches should
only be used in similar environmental conditions to those used
for their parameterisation (e.g. estimation of k for the Beer–
Lambert law for a given genotype, density and environment).
Given that plants show great structural plasticity to their
environment, the 3D-based method would appear to be more
appropriate than classical methods for comparing genotypes
when plants are grown in different situations. Therefore, the
3D-based approach should be preferred when comparing
genotypic responses to environmental factors that affect plant
architecture (Chenu et al. 2007).

Three-dimensional virtual plants combinedwith a light model
can also be used to analyse genetic variability in terms of plant
architecture and intercepted light efficiency. The two sunflower
hybrids examined in the present study showed similar plant leaf
areas, but Heliasol absorbed more light than Albena, clearly
illustrating how organ arrangement impacts on light
interception. The past 30 years of sunflower breeding have led
to the selection of germplasms with different architectures and
increased interception of light per unit leaf area (Debaeke et al.
2004). In addition, architectural variables have recently been
found to be highly heritable (Triboi et al. 2004). Therefore, the
3D-based approach appears to offer great promise for analysing
the relative contribution of architectural traits in various
genotypes and gives plant breeders new selection criteria to
improve light capture.
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