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† Background and Aims Cotton shows a marked plasticity vs. density in terms of branch development and geometry,
internode elongation and leaf expansion. This paper proposes interpretations for observed plasticity in terms of light
quantity and quality.
† Methods 3-D virtual plants were reconstructed from field observations and 3-D digitization and were used to simu-
late the light regime in cotton stands of different densities.
† Key Results All densities showed the same linear relationship between LAI and the sum of light intercepted by the
canopy, from seedling emergence up to flowering. Simulated R : FR ratio profiles can very likely explain (1) the longer
first internodes on main stem and branches and (2) the azimuthal re-orientation of branches toward the inter-row.
† Conclusions Simulation tools were used to analyse plant plasticity in terms of light quantity and quality. The meth-
odology applied here at the stand scale will now be continued at the plant scale to further strengthen the above
hypotheses.

Key words: Light capture, photomorphogensis, R : FR ratio, cotton, Gossypium hirsutum, plant architecture, virtual plants,
phenotypic plasticity, density.

INTRODUCTION

Density is a key factor in the performance of annual crops,
which need to accumulate as much biomass as possible
within a couple of months. High-density practice may be
efficient in maximizing both light interception and sub-
sequent biomass accumulation in young crops; however,
this advantage disappears when the canopy closes, and
the enhanced competition between plants for resources
may lead to negative effects (Ford, 1975; Hutchings and
DeKroon, 1994). Final crop performance at a given
density will therefore mainly depend on the plant’s ability
to forage for existing resources.

Aside from competition for water and nutrients, density
induces drastic changes in plants’ light environment.
Theses changes not only concern the quantity of photo-
synthetically active radiation (PAR) available for plants
but also the spectral quality of light. The most important
spectral change induced by the interaction of light with
vegetation is the decrease in the R : FR ratio (ratio of red
radiation, ‘R’, around 660 nm over far-red radiation, ‘FR’,
around 730 nm). This decrease is known to elicit multiple
morphogenetic responses in many plant species (Aphalo
et al., 1999), such as inhibition of branching or tillering
(Casal et al., 1986; Kasperbauer and Karlen, 1986),
increased petiole or internode extension (Ballaré et al.,
1991) and reduced leaf thickness (Smith and Whitelam,
1997). Other spectral modifications are also known to
elicit morphogenetic responses, particularly in the blue
light that controls phototropism in conjunction with FR
light (Ballaré et al., 1992). All these so-called photomor-
phogenetic responses and the photoreceptors mediating

them are now better understood. However, these responses
are difficult to analyse, mainly because they interact with
the plant carbon balance: clearly, responses such as branch-
ing or increased internode length can only be expressed
within the limits allowed by assimilate availability. This
is why substantial responses can be obtained when photo-
synthetically active radiation is maintained at reasonable
levels (Smith and Whitelam, 1997) whereas responses are
often contradictory and difficult to interpret under limiting
conditions (Ballaré et al., 1991; Kurepin et al., 2007).
Consequently, the study of plant behaviour in relation to
density must be conducted not only with respect to light
quality but also the quantity of PAR radiation that the
plants receive.

According to the regular approach introduced by Monteith
(1972), crop biomass accumulation may be related to its
PAR interception through a coefficient of light-use effi-
ciency (LUE). Generally, LUE is relatively stable for a
given crop throughout its vegetative stage. Consequently,
the main biomass gain in a developing crop depends pri-
marily on its ability to rapidly augment its light capture
capacity. In line with the concept that plant morphological
plasticity contributes to increasing the plant’s ability to
forage for resources (Hutchings and DeKroon, 1994), and
particularly the capacity to forage for light (Ballaré et al.,
1997), we suggest that photomorphogenetic responses
may be analysed in terms of light-foraging efficiency
(LFE), defined as:

LFE ¼ dIPAR=IPARdt

where IPAR is the quantity of light intercepted by the crop.
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We also further assert that this efficiency is a combi-
nation of two different traits:

(1) the efficiency of the existing leaf area to capture light,
which depends on plant geometry;

(2) the efficiency of the ability to use light for increasing
leaf area, which is basically a combination of LUE
and the biomass partitioning to leaves.

Although this analysis would appear to be fairly simple,
it is not that easy to carry out experimentally, partly due to
the difficulties encountered in measuring the quantity and
quality of the light actually intercepted by plants. An
alternative approach consists of performing virtual
measurements on 3-D plant models since, together with
the development of functional–structural plant models
over the last two decades, powerful simulation tools have
also been developed to simulate the plant’s ‘phylloclimate’
(Chelle, 2005) and, in particular, the light regime within
canopies. Recent models using the radiosity method
(Chelle and Andrieu, 1998; Solers et al., 2003; Evers
et al., 2005) or the ray-tracing method (Allen et al., 2005;
Clark and Bullock, 2007) are now able to simulate the
exchange of scattered light between neighbouring plants
and between plants and soil. They can therefore be used
to address not only the light balance of organs in the
PAR range but also the spectral changes resulting from
differential scattering of the different wavelengths.
However, this latter use of light models still requires a
good deal of investigation.

The aim of the study reported here is to illustrate how
simulations based on virtual plant models can be used to
estimate the quantity and quality of light intercepted by
cotton crops of different densities. The methodology was
applied to cotton stands throughout their vegetative
growth in order (1) to identify the major changes induced
by plant competition; (2) to analyse their overall effect on
crop efficiency in foraging for light; and (iii) to evaluate
the role of the R : FR ratio in a number of morphological
changes.

MATERIALS AND METHODS

Field experiments

This study was based on a density experiment conducted in
2003 in Montpellier, France (428600N, 38900E), whereas a
previous experiment conducted in 1999 at the same location
was used to validate the virtual plant construction method.
Both experiments were conducted with the cultivar ‘DES
119’ (Clouvel et al., 2007). Plots were managed with
regular fertilization and a non-limiting water supply
during the cotton vegetative phase. Rows were east–west
orientated in all experiments. In 1999, plants were sown
on 21 May and grown at a density of 6 plants m22 along
0.8-m spaced rows. In the 2003 experiment, plants were
sown on 30 May and grown at densities of 1, 2 and 4
plants m22 (referred to as D1, D2 and D4, respectively)
along 1-m spaced rows.

Measurements in the 2003 experiment were made on ten
contiguous plants per density. The number of nodes on
the main stem and on monopodial branches was recorded
weekly for each plant. Final internode length was
measured on the same plants at harvest along with leaf
area using a leaf area meter (laser area CI-209, CID Inc.,
Camas, Washington). Time-course changes in leaf area
were determined for five plants per plot at three stages:
1st reproductive bud, 1st opened flower and end of vege-
tative growth.

In the 1999 experiment, a complete geometrical descrip-
tion was made of 12 adjacent plants (i.e. a row portion
of about 2 m long) using a 3D Fastrack digitizer equipped
with a long-range emitter and a ‘stylus’ sensor (Polhemus,
Inc., Winooski; http://www.polhemus.com) applying similar
methodology to that presented by Sinoquet and Rivet
(1997). Digitizing was performed at three plant stages: 1st
reproductive bud (12 July), 1st flower (1 Aug.) and end of
vegetative growth (8 Sept.). This device was used to
measure the 3-D co-ordinates of all nodes on the main
stem and branches, and the co-ordinates of the petiole extre-
mity and blade tip. The orientation and length of the central
rib on each leaf were also recorded. Sketches of plant top-
ology were drawn in the field concomitantly with the digi-
tizing procedure. Plant topology was later coded in a
‘Multiscale Tree Graph’ file (Godin et al., 1997; Godin
and Caraglio, 1998), which was merged with the corre-
sponding 3-D co-ordinates’ file. Lastly, AMAPmod soft-
ware (Godin et al., 1999) was used to reconstruct 3-D
architecture for the measured plants.

Percentage crop cover (CC) was estimated for all three
stages in the 1999 experiment using two alternative
methods.

(1) Multi-spectral images (at wavelengths 450, 550, 600,
650, 750 and 850 nm) were acquired with a camera
[VIDEO XYBION (MSC-02), 30 8 FOV] mounted on a
platform 2 m above the canopy. The fractions of visible
soil and vegetation were extracted from red (750 nm) and
infrared (850 nm) images as explained in Luquet et al.
(2003). Measurements were made at the spot where the
plants were digitized.

(2) For the rest of the plot, crop cover was estimated from
reflectance data acquired with a CIMEL reflectometer
(CIMEL Electronique, Paris) working in the three spectral
bands of the HRV instrument on SPOT satellite images
(green, 500–590 nm; red, 620–680 nm; near-infrared,
NIR, 790–890 nm). Measurements were taken weekly at
noon at five locations, each time averaging ten acquisitions
over an area of about 1/3 m2. Crop cover (CC) was esti-
mated from the Normalized Difference Vegetation Index
(NDVI; eqn 1), subsequently converted into CC using eqn
(2). Equation parameters were fitted to acquired data in
digitized subplots, giving a ¼ 1.026; b ¼ 0.042 (r2 ¼
0.966, based on six points).

NDVI ¼ ðrNIR � rredÞ
ðrNIR þ rredÞ

ð1Þ
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rNIR and rred being reflectance in the near infrared and red
bands, respectively.

CC ¼ aNDVI þ b ð2Þ

Climate. Air temperature (at 3 m) was measured by a
CIMEL automatic station (ENERCO 411), located 100 m
from the experimental fields. In 1999, average daily temp-
erature varied from 18 8C at seedling emergence to 25 8C
at 1st flower appearance. In 2003, temperature varied
from 23 8C at emergence to 28 8C at 1st flower appearance.
The cut-out stage (stage at which organogenesis is drasti-
cally inhibited by fruit load; Patterson et al., 1978) occurred
in September for all experiments, with average daily air
temperatures ranging from 18 to 20 8C.

Dynamic simulation of cotton architecture

Organogenesis and plant topology. A complete description
of ten plants per experiment yielded plant topology and
organ dimensions (leaf area and internode length). Plant
simulation therefore consisted of interpolating plant top-
ology and organ growth from emergence up to the harvest
stage.

The number of nodes on the main stem and monopodial
branches was interpolated from weekly field observations.
Node appearance rate (NAR) on sympodial branches was
taken as a ratio (R) of that on the main stem. As described
by Reddy et al. (1997), this ratio was considered to depend
on the average daily air temperature according to the
following equation:

R ¼ 0�7423� 0�0107T þ 749802e�T ð3Þ

where T ¼ (Tmin þ Tmax)/2.

Organ expansion. The duration of leaf and internode expan-
sion was calculated by the relationship with air temperature
as used in the Gossym model (Hodges et al., 1998), and this
regardless of position within the plant. Daily organ expan-
sion was calculated according to the following equations:

YLE ¼ �0�09365þ 0�0107T � 0�0001697T2 ð4Þ

YIE ¼ �0�04312þ 0�00738T � 0�0001046T2 ð5Þ

where T is the average daily temperature, YLE is the daily
increase in leaf area expansion and YIE is the daily increase
in internode length expansion.

According to these equations, an organ is fully expanded
when the sum of Y is 1. Petiole length (Lp) was obtained
through the following allometric relationship with leaf
area (AL) established on leaves of all ages and sizes:

Lp ¼ 0�4863A 0�6559
L ðr2 ¼ 0�705Þ ð6Þ

with Lp expressed in cm and AL in cm2.

Plant geometry. The branching angles (a; degrees) of mono-
podia and sympodia on the main stem were extracted from
data sets generated from plants digitized in 1999. The a
value was 57.1+ 16.4 (mean+ s.d.) for monopodia and
56.4+ 15.8 for sympodia. In order to follow changes in
branching angle over time, the initial a value was set to
40 8C and subsequent bending with age and branch curva-
ture was simulated according to de Reffye’s methodology
(de Reffye, 1976).

Leaf inclination was similarly extracted from data sets
generated from plants digitized in 1999. Results (Fig. 1)
showed that leaf inclination distribution was similar to the
theoretical planophile distribution (de Wit, 1965) as
defined by its probability density function ḡL (uL) of leaf
inclination (uL):

�gLðuLÞ ¼ ð2=pÞð1þ cos 2uLÞ ð7Þ

The initial inclination of unfolding leaves on virtual
plants was set at 158. A bending function was then
applied to generate (in conjunction with branch geometry)
a planophile distribution.

Branch azimuth showed marked anisotropy (see Fig. 10):
most branches were orientated towards the inter-row. To
simulate this feature, the branches were azimuthally
turned aside if their deviation from the inter-row direction
exceeded a maximum value uM, which was set at 458 for
the highest densities (4 and 6 plants m22), 308 for the
medium density (2 plants m22) and 08 for lowest density
(1 plant m22). The same procedure was applied for mono-
podia with uM set at 758, 558 and 08 for densities 4–6, 2 and
1 plant m22, respectively. A library of 3-D patterns was
used to represent plant organs (Fig. 2).

Simulation of virtual stands. For each plot, the ten adjacent
plants described along a row were simulated (Fig. 3) and
duplicated to simulate a plot containing 25 plants. Given
that the radiative model virtually duplicates the plot, the
result was an infinite canopy constituted by the replication
of the ten-plant sample. The architecture of each plant
was updated daily from its observed emergence date up to
its cut-out stage and beyond.

FI G. 1. Observed leaf-angle distribution (bars) compared to the theoreti-
cal planophile distribution (curve).
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Simulation of light interception

Radiative transfers were simulated using the MMR (Mir-
Musc-Radbal) model implemented on the ARCHIMED
simulation platform (Dauzat et al., 2007). The MMR
model has been validated for different plants under
various conditions (Chenu et al., 2005; Dauzat and Eroy,
1997; Lamanda et al., 2007).

Incident radiation. Incident radiation was depicted as a set of
46 downward-directional fluxes spread over the sky vault
according to the ‘Turtle’ model (den Dulk, 1989).
Directional fluxes were calculated throughout the day
from values of total solar radiation (Rs), which was either
measured or estimated by applying a cloudiness reduction
factor to extraterrestrial solar radiation (Fraser et al., 1999).

Rs was divided into its direct and diffuse components by
means of the global and extraterrestrial radiation ratio
(Spitters et al., 1986). Direct radiation was then assigned
to the closest Turtle directions, whereas diffuse radiation
was assigned to all directions in proportion to the corre-
sponding directional sky luminance. Sky luminance was
calculated using Dogniaux’s formula (1973) for a clear sky
and Anderson’s formula (1966) for a standard overcast sky.

A combination of the two formulae was used under inter-
mediate conditions.

Interception of incident radiation by vegetation. The MIR
model (Dauzat et al., 2001) calculates images of the plot
from each of the 46 directions (d). In each image (i.e. direc-
tion), the number of visible pixels (Po,d) for each plant
organ (o) is stored in a file. The number of visible pixels
is then later converted into units of organ area exposed to
incident light in the d direction.

Additionally, MIR calculates the superimposition of
hidden organs below visible pixels using the Z-buffer
technique. This information is used to calculate exchange
coefficients between horizontal layers of vegetation.

Calculation of multiple scattering within the stand. Multiple
scattering was calculated for horizontal vegetation layers
(10 cm wide in this study). The light intercepted by a
layer in any given direction was scattered in 46 upward
and 46 downward directions according to the optical prop-
erties of the vegetation elements. The re-interception of
scattered light by other vegetation layers and the soil was
then calculated on the basis of the exchange coefficients
defined above. The process was repeated until the extinction
of scattered radiation.

Radiative balance of plant organs. The RADBAL model
operates on the basis of sub-hourly time steps. It calculates
first the incident radiation as described above and then the
irradiance of plant organs by totalizing incident and
scattered radiation for all directions.

Simulation experiments. The MMR model was run in this
study at 5-min time steps using a cloudiness index of
0.65. The scattering (reflectance þ transmittance) coeffi-
cient for vegetation elements was set at 0.20 for the PAR
range, 0.10 for red (660 nm) and 0.90 for far-red
(730 nm). Soil reflectance was set at 0.18, 0.20 and 0.22
for PAR, red and far-red, respectively. A toricity option
was used to simulate an infinite canopy.

To estimate the R : FR ratio sensed by plant organs, the
MMR model was run successively for red and far-
red bands. The R : FR ratio of incident light above the
canopy was taken to be 1.15 (Holmes and Smith, 1977).
The R : FR ratio of vegetation was then calculated as the

FI G. 3. Example of reconstruction of ten adjacent plants measured along a row at 4 plants m22 density at the time of cut-out.

FI G. 2. Close-up illustration of a simulated cotton plant.
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ratio between vegetation irradiance in the two bands. In this
manner the R : FR ratio was calculated for the light actually
intercepted by the plants. Light quality was integrated for
vegetation layers without differentiating plant organs. It
should be noted in this respect that the actual R : FR ratio
may be different for leaves and internodes since leaves
close to the horizontal intercept mostly upward and down-
ward light, whereas erected internodes mostly intercept
sub-horizontal light (Ballaré et al, 1990).

RESULTS

Validation of cotton stand reconstruction

The cotton stand reconstruction was validated for the 1999
experiment. Comparisons of biometrical variables such as
plant height (Fig. 4A), number of nodes on main stem
(Fig. 4B) and LAI (Fig. 4C) supported the validity of the
organogenetic and morphogenetic rules used to interpolate
plant development from emergence to cut-out stage.

However, light interception is primarily determined
by plant geometry, which is the most difficult aspect of
plant simulation. In order to check overall plant geometry,

vertical and lateral leaf distributions were tested and these
showed that the vertical LAI profile of simulated plants
was in good agreement with that of digitized plants (Fig. 5).
Percentage crop cover was used to check plant lateral exten-
sion. The crop cover of virtual stands was obtained from an
analysis of MIR images calculated from a bird’s eye view
and compared to field measurements taken with the
XYBION camera and the CIMEL reflectometer. A satis-
factory agreement was found between crop cover measure-
ments and simulations throughout the cotton vegetative
stage (Fig. 6).

FI G. 4. Simulated (points) and observed (lines) changes in (A) number of
nodes on the main stem, (B) plant height, and (C) leaf area index. The
dotted lines in (A) and (B) indicate s.d. (All data from the 1999

experiment.)

FI G. 5. Observed (bars) and simulated (line and squares) vertical profile
of leaf area at the time of cut-out in the 1999 experiment.

FI G. 6. Simulated (line) and measured (points) percentage crop cover.
Squares represent values extracted from field images taken from above
the canopy, and black circles represent values estimated from NDVI

measurements.
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Architectural changes with density

Organogenetic changes. The cotton main stem is a monopo-
dium that axilates monopodial branches on basal main-stem
nodes (mainly on nodes 4–7) and sympodial branches on
upper nodes. At the lowest density, monopodial branches
developed at all possible positions and grew substantially
(Table 1; Fig. 7). Some monopodial branches have an archi-
tecture similar to that of the main stem (i.e. producing axil-
lary sympodia). In this respect, they duplicated the
architecture of the main stem. Conversely, at the density
of 4 plants m22, about 40 % of the monopodia were
inhibited.

Node appearance rate (NAR) decreased exponentially
with density on the main stem and branches (Fig. 8 and
Table 1; more details given in Clouvel et al., 2007). It
should be noted that the NAR was similar for main stem
and axillary monopodia at the lowest density, but diverged
for higher densities due to density exerting a more marked
depressing effect on axillaries than on the main stem.

Morphogenetic changes. Leaf size differed greatly with
topological position in the plant structure but was not
greatly affected by density (i.e. leaves at the same topologi-
cal position were comparable in size). On the main stem
(Fig. 9A), leaf area increased in a linear manner with
node rank followed by a decrease for the highest node
ranks (over node 10). The first phase was similar for all den-
sities, whereas the decrease occurred slightly earlier for
highest densities. The relationship between leaf area and
node rank on axillaries was also bell-shaped. Leaves were
significantly smaller at density D4 but fairly similar at den-
sities D1 and D2 (Fig. 9B). The allometry between blade

area and petiole length (eqn 6) was found to be independent
of density.

If the first five nodes (which are pre-formed in the seed)
are excluded, the trend for internode length along the main
stem was also bell-shaped. Increasing the density resulted
in longer internodes in the lower half of the main stem
but shorter internodes in the upper half (Fig. 9C). The tran-
sition between the two zones was located lower for D4 (at
node 10) than for D2 (at node 13) and D1 (at node 15).
The same trends were observed for basal nodes on sympo-
dia but with density exerting an even stronger effect. For
instance, the first internode on sympodia axillated by
nodes 6 to 11 on the main stem was twice as long in D4

TABLE 1. Main plant characteristics at harvest (120 days after emergence)

Density (plants m22) Number of monopodial branches

Number of nodes on: Dry mass per plant (g)

Main stem Monopodial branches Lower sympodia Leaves Stem

1 4.9+0.8 22.3+0.8 12.8+2.2 6.8+1.4 169+25 269+39
2 4.5+0.9 21.5+0.9 11.5+2.5 5.3+1.3 91+18 148+25
4 2.9+0.7 19.8+0.8 10.5+1.9 4.9+1.2 61+26 98+40

Data are means+ s.d.

FI G. 7. Illustration of the architectural plasticity of cotton plants grown at densities of 1, 2 and 4 plants m22 (A–C, respectively).

FI G. 8. Effect of density on node appearance rate (expressed in degree-
days) on main stem and monopodial branches.

Dauzat et al. — Light-foraging Efficiency of Low-density Cotton1158



than in D1 (Fig. 9D). The opposite trend was observed for
upper sympodia where internode length decreased with
density.

Geometrical changes. Branch orientation was drastically
changed by density: at the lowest density (with plant

spacing of 1 � 1 m), the azimuthal orientation of monopo-
dial and sympodial branches was isotropic, whereas they
were mostly stretched toward the inter-row at the highest
density (Fig. 10). Conversely, branch bending was found
to be dependent on branch size rather than density.

LAI changes

The rate of increase in LAI (Fig. 11A) was steeper in the
early growth stages (until 35 DAE) at the highest density,
but differences between the densities tended to lessen in
the period preceding cut-out. When cut-out occurred, LAI
was 1.73, 2.31 and 3.33 for densities of 1, 2 and 4 plants
m22, respectively. This implies that leaf area per plant for
the lowest density was twice that of the highest density.

Light interception and light-use efficiency
for incrementing LAI

The percentage of incident light intercepted by veg-
etation (Iv) increased rapidly over time for D4 and
reached 90 % at cut-out (Fig. 11B). Iv showed similar
trends over time for D2 and D1 but with delays of about
10 and 20 d, respectively. Dissimilarity for Iv values
between the different densities were maximal at emergence
(at very early stages, Iv was proportional to density)
and progressively decreased until cut-out (Iv was 82 %
and 70 % at this stage for D2 and D1, respectively).
Conversely, average leaf irradiance in PAR started with

FI G. 9. Time-course changes in leaf area and internode length according to position on the main stem (A, C, respectively) and changes in leaf area and
internode length on the first metamer of sympodial branches according to their rank on the main stem (B, D, respectively). Plant densities as indicated.

FI G. 10. Azimuthal distribution (%) of monopodial and sympodial
branches in the 1999 experiment at a density of 6 plants m22.
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the same value of close to 100 % incident radiation for the
three densities and increasingly diverged until cut-out,
where it stabilized (Fig. 11C).

In order to express the efficiency of light interception, we
introduced a variable ‘radiation day’ (RD), which we
defined as the integration of effective daily radiation inter-
cepted by the crop since emergence:

RD ¼
X

days

IV ð8Þ

Plotting LAI against RD showed that light-use efficiency
for producing leaf area was almost the same for all three
densities up to cut-out (Fig. 12). The linear-fitting calcu-
lated from 0 to 55 DAE (i.e. excluding the last four
points of Fig. 12) gave LAI ¼ 0.183RD; r2 ¼ 0.996.

Note that the graphs produced by plotting LAI against
integrated radiation expressed in energy or moles of
photons instead of RD were fairly similar to Fig. 12. RD
was used here to highlight the fact that crops capture only
a small fraction of the available light resources during

their vegetative growth. In this experiment, the fraction of
light captured by vegetation from emergence up to 95
DAE was about a third of incident radiation for D4 and
only a quarter for D1.

Light-capture efficiency

Light-capture efficiency was characterized by the extinc-
tion coefficient of incident radiation (Kbl) as defined in the
Appendix.

The logarithm of the light transmission rate (T ¼ 1 2 Iv)
was linearly related to LAI, and this for all growth stages
and planting densities (Fig. 13). The regression obtained
for the pooled data gave an extinction coefficient (Kbl) of
0.75, which, in the first approximation, was the same for
all densities. However, the inversion of Beer’s law with
eqn (9) showed that the Kbl value changed with time and
differed between densities (Fig. 14).

Kbl ¼
� ln ð1� IVÞ

LAI
ð9Þ

FI G. 11. Time-course changes in (A) leaf area index, (B) percentage of
incident light intercepted by stands, and (C) average leaf irradiance
expressed as a percentage of incident light, for plant densities as indicated.

FI G. 12. Changes in LAI with respect to cumulated intercepted light for
densities of 1, 2 and 4 plants m22. ‘Radiation days’ is the integration over
days of the fraction of daily incident radiation that is intercepted by the

crop.

FI G. 13. Relationship of the logarithm of the light transmission rate under
the canopy and LAI from emergence to the cut-out stage.
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Vertical profiles of quantity and quality of intercepted light

Averaging the leaf irradiance as presented in Fig. 11C did
not render the variability of the conditions between the top
and the bottom of the canopy. Figure 15A–C shows that
PAR irradiance of the upper leaves was close to 100 % of
incident photosynthetic photon flux density (PPFD) for all
dates and densities. This result is consistent with the fact
that most leaves were close to horizontal and also received
an additional fraction of light scattered by surrounding veg-
etation and soil. Conversely, leaf irradiance rapidly
diverged between densities at the bottom of the canopy,
where values as low as 20, 10 and 5 % of PPFD were
observed at 75 DAE for densities D1, D2 and D4,
respectively.

The R : FR ratio for the vegetation (i.e. the R : FR ratio of
the light actually intercepted by plant organs) was simu-
lated for 10-d intervals from emergence up to cut-out.

FI G. 14. Time-course changes in light extinction coefficient Kbl with LAI
for densities of 1, 2 and 4 plants m22. The horizontal line represents the Kbl

value of a theoretical planophile canopy.

FI G. 15. Vertical profiles of PAR irradiance of leaves expressed as percentage of incident light (A–C) and R : FR ratio of light intercepted by vegetation
(D–F) for population densities of 1, 2 and 4 plants m22. The numbers at the top of the profiles indicate the number of days elapsed after emergence.
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The results are presented in Fig. 15D–F as vertical profiles
calculated by splitting the canopy into 10-cm high veg-
etation layers. It can be seen that initial values for R : FR
were lower than the value of incident light (1.15) because
soil reflectance was lower for R than for FR (Kasperbauer
and Hunt, 1992). Subsequently, the profiles rapidly differed
between the three densities. As LAI increased, the R : FR
diminished in the lower part of the canopy, whereas its
value tended to stabilize at about 0.7 in the uppermost
layer of the canopy.

DISCUSSION

Validation

The good agreement observed between measured and
simulated variables such as canopy height, LAI and crop
cover throughout the vegetative stage in the 1999 experi-
ment validated the method used for cotton plant recon-
struction. Moreover, it was shown by Sadras and Wilson
(1997) that the Charles-Edwards and Lawn equation
(1984) relating the daily light interception by the crop to
light interception around noon is suitable for cotton.
Given that light interception at noon is roughly pro-
portional to crop cover, the good agreement between
measured and simulated crop cover reinforces the notion
that reconstructed cotton stands were a reliable basis for
calculating light interception.

Effect of density on time-course changes
in cotton architecture

Competition between plants induced clear organogenetic
trends that can be considered to be mainly (1) inhibition of
some monopodial branches in early growth stages and (2)
reduction in node appearance rate on the main stem and
branches. This latter effect was more notable on upper
(sympodial) than lower (monopodial) branches and on the
main stem (Table 1).

Morphological changes affecting leaves and internodes
were more complicated, with contrasting responses over
time. Two phases could be distinguished for all densities
according to final organ size (leaf area and internode
length): a phase of increasing organ size, followed by a
phase of decreasing organ size. During the first phase, inter-
node length increased with density. As discussed below,
this observation is consistent with the assumption that inter-
node length is dependent upon R : FR modifications within
the canopy. However, the opposite response was observed
during the second phase. These features strongly suggest
that photomorphonegetic responses of the internodes were
counteracted by plant carbon balance limitations during
this phase. This assumption is further supported by the
fact that leaf area and internode length decreased simul-
taneously. Interestingly, it may be noted that the transition
between the two phases occurred at a time when average
leaf irradiance decreased below 60 % of incident PPFD
(Fig. 11C).

Light quality and photomorphogenesis

Increased internode length is a regular and important
morphological response to the R : FR ratio (Smith and
Whitelam, 1997). This mechanism can be invoked to inter-
pret the density effect observed on the length of basal inter-
nodes on the main stem and sympodia. When internodes are
set up, they are located at the top of the canopy where the
R : FR ratio does not differ greatly between densities
(Fig. 15D–F). However, it should be noted that the R : FR
ratio for intercepted light was averaged for all organs
within the horizontal vegetation layers. In fact, internodes
intercept a greater proportion of horizontally propagating
light than leaves and consequently can perceive more
subtle changes in their lateral surroundings (Ballaré et al.,
1990). Moreover, if the internode response is to be under-
stood, one has to account for the duration of internode
elongation (about 3 weeks). In fact, time-course changes
in the R : FR ratio at the top of the canopy were different
for the three densities and consequently internodes experi-
enced different ratios during their elongation. This feature
can be demonstrated by plotting the time-course changes
in R : FR at different heights within the canopy (Fig. 16).
As the canopy develops, the upper layer (left-most points
on the graphs) is covered by new layers that decrease its
R : FR ratio. This phenomenon is particularly effective in
periods of active growth and is more accentuated for
the highest planting density. As a consequence, the more
rapidly the canopy develops (young stages) the more the
R : FR ratio is altered. In contrast, the R : FR ratio stabilizes
when plants reach the cut-out stage. The study of internode
length on the main stem supports the assumption that differ-
ences observed between densities may be driven by the
R : FR ratio. The fact that sympodia start their development
when the main stem has already developed three or four
metamers above their branching node may also explain
why the density effect was more pronounced on the
sympodium first internode than on the main-stem internode
axillating the sympodium.

Density was observed to exert a drastic effect on branch
reorientation toward inter-rows. Phototropism is known to
be largely controlled by blue-light receptors, although phy-
tochromes also contribute to the overall response (Ballaré
et al., 1992; Lin, 2002). In the experiments reported here,
branch reorientation occurred in the young stages of plant
growth, i.e. before marked blue-light masking by neigh-
bouring plants. The FR light, which is far more altered by
vegetation than blue light, is therefore likely to play a sig-
nificant role (Ballaré, 1999). However, this question was
not further addressed here as any evaluation of this assump-
tion requires an analysis of light quality not at the scale of
vegetation layers, but for individual branches.

Light-foraging efficiency

Cotton shows phenotypic plasticity that allows the plant
to double its foliage area when growing at a density of 1
plant m22 rather than 4 plants m22. One mechanism is
the variable development of monopodial branches that
can duplicate main-stem architecture at a low density.
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Given the lateral extension of these monopodia, plants at a
low density can enhance their light capture in their early
growth stages.

As shown by Fig. 12, the efficiency of light use for incre-
menting LAI (LUEA) was fairly linear, whatever the plant-
ing density, during the vegetative stage until cut-out
stopped vegetative growth. This feature means that plant
investment in foliage development is fairly constant. If it is
assumed that – for a given density – neither leaf mass area
nor LUE changed significantly over time, this implies that
assimilate allocation to leaves was stable during the vegeta-
tive period until reproductive organs began to compete with
vegetative growth. In terms of plant strategy, preferential
allocation to light-capturing organs is positive for biomass
accumulation as long as the canopy is not closed. Such a
strategy may therefore be considered as optimal for low-
density cotton crops that never reach canopy closure. In con-
trast, at high densities, the canopy rapidly closes and the
benefit of increasing LAI is less marked.

The second observation that can be made from Fig. 12 is
that LUEA was similar for all densities during the vegeta-
tive stage. This feature may appear trivial since neither
the LUE nor the allocation of assimilates to foliage are sup-
posed to be greatly affected by density. However, in terms
of plant plasticity, this also means that leaf area increment is
not limited by organogenesis or morphogenesis. More pre-
cisely, the development of monopodia allows a steady allo-
cation rate of assimilates for producing leaf area. In this
respect, cotton may be said to be perfectly plastic over a
density range of 1–4 plants m22.

Efficiency of light capture by LAI

At the very early growth stages, the extinction coefficient
of incident light, Kbl, was independent of density since (1)

plant geometry was similar and (2) mutual shading between
plants was negligible. Its value of greater than 1 means that
– owing to their orientation – the leaves intercepted more
light than flat, horizontal panels of the same area in an
open space. Subsequently, Kbl rapidly decreased because
of self-shading inside the plant crowns and mutual
shading between plants. The decrease in Kbl with density
reflected the fact that – for a given LAI – the lower
mutual shading in D1 did not compensate for the higher
self-shading resulting from branch development. Still
later, when the canopy closed, the value of Kbl tended to
stabilize at around 0.85. This value is above that obtained
for a theoretical planophile canopy where leaves are ran-
domly dispersed (the Kbl value of such a theoretical
canopy is 0.755; see Appendix). This result shows that
cotton plants have a marked capacity to fill gaps in the
canopy.

CONCLUSIONS

Together with functional–structural plant models (FSPMs)
devoted to the simulation of plant architecture, the last two
decades have seen the development of specific light models
to simulate not only the interception of incident radiation
but also the exchange of scattered radiation between plant
organs and their local environment. Such models can be
used to determine spectral modifications within canopies
and, more specifically, the quality of light actually sensed
by plant organs. However, this field is still little explored
and thus warrants a great deal of further investigation.
Pioneering studies conducted on white clover (Gautier
et al., 2000) and recently on spring wheat (Evers et al.,
2007) illustrate how FSPMs can be coupled with light
models to simulate plants that respond to light quality. In
these studies, empirical photomorphological responses to

FI G. 16. R : FR ratio of light intercepted by different horizontal canopy layers at densities of 1, 2 and 4 plants m22. At the earliest date for each graph
(i.e. the left-most point), the layer was located at the top of the canopy. DAE, days after emergence.
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R : FR were tested and their overall results were evaluated
against field observations. Such an approach is fruitful but
difficult because of the complexity of interacting processes
and, particularly, the combined effects of light quantity and
light quality. Alternatively, our approach consisted of per-
forming simulations on replicas of actual stands in order
to make virtual measurements of the quantity and quality
of light intercepted by plants throughout their development.
By doing so, useful information was obtained for analysing
plant responses. However, further investigations will need
to differentiate between leaves and internodes in respect
to the quality of light to which they are subjected.

In the present study we have proposed a framework for
the analysis of photomorphogenesis in terms of foraging
efficiency. This first investigation was conducted at the
stand level because, as claimed by Aphalo et al. (1999),
‘When moving the viewpoint from individual plants to
the mono-specific stand, new emergent properties of the
system appear and the apparent ecological function of
shade avoidance as traditionally described (Casal and
Smith, 1989; Schmitt, 1997) needs to be expanded’. In
this study we have further asserted that, when the canopy
of a monospecific stand is still open, setting new light
captors, i.e. incrementing LAI, is the most cost-effective
investment to ensure further growth. On the other hand,
photomorphogenetic responses such as phototropism and
increased internode elongation tend to optimize light
capture by the existing LAI. Given that morphogenetic
responses have a cost, crop strategy may therefore be
designed as a compromise between (1) setting new light
captors and (2) optimizing the light capture by these
captors.

In order to determine cotton crop strategy, we compared
time-course changes in cotton stands at densities ranging
from 1 to 4 plants m22. We reconstructed portions of
these stands from detailed field observations and used
them to simulate their light capture over time. The results
obtained showed that light-use efficiency for increasing
leaf area was stable throughout the vegetative phase and
was similar for all densities. To achieve this result, cotton
plants adjust their organogenesis rather than their morpho-
genesis, i.e. the number of leaves rather than leaf size.
The organogenetic plasticity of branches allows the plant
to adjust its lateral extension in relation to planting
density. The overall result was that incident light was effi-
ciently captured at all three studied densities.

This study also showed clear photomorphogenetic
responses to density concerning (1) branch reorientation
toward the inter-row and (2) increased basal internode
length on the main stem and branches as the R : FR ratio
decreased. Branch reorientation is obviously a major light-
capture optimization mechanism both at stand and plant
levels (Herbert, 1983). Conversely, increasing internode
length on the main stem can help individual plants
improve their access to light but not necessarily improve
light capture at the stand level (Anten and Hirose, 2001).
To evaluate further the light-foraging efficiency of cotton,
we will therefore, in a forthcoming paper, quantify the
gains provided by responses to density at both plant and
stand levels.
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APPENDIX

Definition and measurement of light-capture efficiency

The notion of light-capture efficiency was used in this study
to characterize how efficiently crops use their leaf area to
capture PAR. Two definitions are possible depending
upon whether the interception of scattered light is
accounted for or not. If the sole interception of incident
radiation is considered, Beer’s law may be expressed as:

Iv ¼ 1� ðIsoil=I#Þ ¼ 1� expð�Kbl � LAIÞ ðA1Þ

where I# is incident radiation, Isoil is the radiation reaching
the soil without interacting with vegetation and Kbl is the
extinction coefficient that would be obtained with black
leaves and black soil (Goudriaan, 1977), i.e. with no light
scattering in the stand.

Kbl can be approximated from radiometric measurements
of I# and Isoil in a waveband where light scattering is
reduced (e.g. with the Plant Canopy Analyser, filtered at
490 nm to minimize the contribution of radiation scattered
by the foliage). Alternatively, Iv can be calculated from
measurements of gap fractions (GF) using a method such
as hemispherical photographs:

Iv ¼ 1�
P

u;f GFðu;fÞIðu;fÞ
P

u;f Iðu;fÞ ðA2Þ

where u and f are the zenith and azimuth angles of discrete
sky sectors, respectively, GF(u,f ) are the directional gap
fractions and I(u,f ) the directional incident radiation,
such that Su,f I(u,f ) ¼ I.
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Most software used to analyse hemispherical photo-
graphs give Iv for theoretical radiative conditions characte-
rized by a cloudiness index; Kbl can then be obtained by
inverting eqn (A1). The value for Kbl can also be approxi-
mated by measuring I# and Isoil at wavelengths where scat-
tering is reduced. This is the case for the plant canopy
analyser (PCA) that works in the blue band.

Alternatively, if not only the capture of incident radiation
but also the capture of scattered radiation is considered, the
regular extinction coefficient K obtained by inverting Beer’s
law is no longer valid. In such cases, the different terms for
the light balance in the canopy must be accounted for:

I0v ¼
I# � Isoil � I"

I#
ðA3Þ

where I" is the upward-scattered light reflected outside the
canopy.

Because Iv reflects more directly the canopy geometry
than I0v, we chose here to use Kbl to characterize the
capture of incident light.

The Kbl value was simulated for a theoretical planophile
canopy made up of randomly dispersed leaves and with a
leaf size equal to the average leaf size observed before
cut-out. This calculation gave a reference value used to
analyse the light-capture efficiency of canopies: values of
Kbl above this reference, for a given leaf-angle distribution,
denote regular leaf disposition enabling the canopy to maxi-
mize its light capture. However, it should be noted that (1)
this reference did not take account of the light interception
by stems and (2) the actual leaf size in young stages was
smaller than the average size taken here.
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