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Abstract - In maize canopies, when modelling the architecture and light regime one usually assumes leaf azimuths are
distributed uniformly. Once we had demonstrated azimuthal re-orientation of maize leaves during the vegetative phase,
we tested the weight of this hypothesis on the light absorbed daily by the canopy. We thus modelled the three-dimen-
sional (3D) geometry of maize canopies with various plant densities and at different developmental stages using plant
digitizing under field conditions. We simulated radiative transfer using a volume-based approach within actual and
hypothetical canopies, obtained by simply rearranging leaf azimuths. Simulations indicated that changes to horizontal
heterogeneity have little effect on daily light absorption efficiency. It is concluded that changes in leaf azimuths do not
have to be taken into account in crop-functioning models. (&copy; Inra/Elsevier, Paris.)

leaf azimuth / leaf re-orientation / light absorption / simulation / maize

Résumé - Les variations au cours du temps de la répartition spatiale des feuilles de maïs influencent-elles
l’absorption du rayonnement par le couvert ? Pour les couverts de maïs, les modèles d’architecture des plantes et de
transferts radiatifs utilisent classiquement l’hypothèse d’une répartition aléatoire des feuilles en azimut. Ayant précé-
demment mis en évidence des ré-orientations azimutales des feuilles de maïs au cours de la phase végétative, nous
avons testé le poids de cette hypothèse sur l’absorption journalière de lumière par le couvert. Pour cela, nous avons
modélisé la géométrie en trois dimensions (3D) de couverts de maïs de densités et de stades phénologiques différents à
partir de digitalisations de plantes au champ. Nous avons ensuite simulé les échanges radiatifs à l’aide d’un modèle
volumique dans les couverts observés et dans des couverts hypothétiques obtenus en modifiant uniquement les azimuts
foliaires. Les simulations indiquent que les variations d’hétérogénéité horizontale ont peu d’influence sur l’efficience
journalière d’absorption de la lumière. Il n’est donc pas nécessaire de prendre en compte les variations d’azimuts
foliaires dans les modèles de fonctionnement des cultures. (&copy; Inra/Elsevier, Paris.)
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1. Introduction

Studying the radiative regime within crops is an
important area in agronomic research, because irra-
diance is one of the main factors that affects leaf

photosynthesis and plant growth. The increasing
complexity of these models has greatly influenced
the way in which the architecture of a plant is stud-
ied.

The first radiative models [4, 25] were based on
the analogy between the canopy and a turbid medi-
um (see reviews in [18, 28, 34, 41]). They were
only applied to horizontally homogeneous crops
with randomly distributed leaf elements. Modelling
radiative exchange between canopy layers required
a description of the canopy structure according to a
vertical axis [27, 34, 36]. Most studies, therefore,
focused on the vertical heterogeneity of leaf area
and leaf inclination [9, 22, 27, 34, 44].

Conversely, horizontal heterogeneity in the
canopy structure has received much less attention.
In models of maize canopy architecture [32, 36],
one usually assumes that all the leaves lie within
the same vertical plane, due to distichous phyl-
lotaxy [21 ]. The azimuthal orientation of this plane
is also assumed to be uniform owing to the random
orientation of seeds from mechanical planting [29,
35].

As the turbid-medium approach was extended to
row crops (see [38]), and surface-based models of
light transfer were developed [5, 6, 19], a precise
description of the aerial architecture of the canopy
was required. Furthermore, architectural models of
plant growth [12, 33] or studies on competition for
light interception between crops and weeds [1, 11] 
necessitated more in-depth investigation of the
changes in leaf spatial orientation over time.

Leaf display pattern has been largely discussed
in terms of an adaptive strategy for light capture
and carbon gain ([17, 20] among others). However,
since studies on the horizontal heterogeneity of
foliage have not been greatly developed, few stud-
ies have analysed the effect of changes to horizon-
tal leaf area distribution on the light regime within

canopies. To our knowledge, there are currently no
such studies available on maize.

We focused first on azimuthal re-orientation in
maize leaves during the vegetative period. We then
simulated the three-dimensional (3D) architecture
of the canopy and generated hypothetical canopies
by changing leaf azimuthal positions according to
the leaf movements observed over time. We evalu-
ated the influence of these changes to plant archi-
tecture on the light absorbed daily by the canopy.
Finally, we discussed our results from both the
points of view of plant functioning and that of
modelling.

2. Leaf azimuthal re-orientations
during the vegetative phase

Although the azimuthal positioning of maize
leaves has not been widely analysed, some authors
have noted a tendency for maize leaves to display
within the inter-rows, especially after stand closure
[22, 24, 34, 37]. Recently, Girardin and Tollenaar
investigated leaf azimuthal changes during the
development of a maize crop [14-16]. In field
experiments [14, 16], an increasing trend for the
successive leaves to twist their azimuth toward a
final position perpendicular to the row was
observed. In a growth-chamber experiment [15],
three initial azimuthal patterns were imposed and a
strong azimuthal re-orientation in successive maize
leaves over time was found. However, the middle
leaves tended to a uniform azimuthal distribution,
with only the top leaves tending to a perpendicular
position. Drouet and Moulia [8] repeated these ini-
tial patterns under field conditions, and their results
were partially in accordance with those obtained
by Girardin and Tollenaar.

2.1. Field experiment design

In the field experiment, maize was sown at a
density of 10 plants m-2. The rows ran north-south
to ensure symmetrical daily incident radiation. To
maximize leaf re-orientation, the following
approach was used to obtain two initial azimuthal



patterns. As the field plots were sown, another
group of seedlings was grown outside in containers
made of peat, until the emergence of the tip of the
fourth leaf. In the first plot (called perpendicular),
maize seedlings were transplanted with their
azimuthal plane perpendicular to the row. In the
second plot (called parallel), maize seedlings were
transplanted with their azimuthal plane parallel to
the row (see [8] for more details).

Azimuth angles of the lower part (base azimuth)
and the tip (tip azimuth) of each visible lamina

were measured to within 10 degrees and clockwise
from the north. We found that each individual

maize lamina lay mainly within a vertical plane, as
reported by Sinoquet et al. [39], and we therefore

only studied lamina base azimuths. The azimuthal
plane of each plant (called the initial plant azimuth)
was defined from the azimuth angle of lamina 2-4
measured at the six-leaf stage. From the nine-leaf

stage to silking, measurements were taken once or
twice a week. Directional data were analysed after
Fisher [10] (see [8] for more details).



2.2. Changes to leaf azimuths over time

Our study [8] confirmed that large azimuthal
changes to leaf orientation occur in maize, as
reported by Girardin and Tollenaar [14-16], and
the azimuth of successive leaves within a given
plant varies from the plant azimuth, in accordance
with Sinoquet et al. [39]. For all leaves, azimuthal
re-orientation was essentially observed before
ligule appearance. In the first 4 days after tip emer-
gence, leaves experienced noticeable azimuthal re-
orientation: from 10 to 20 degrees per day on aver-
age (figure 1). The intensity of these movements
decreased with time, and only a few small move-
ments occurred after ligule appearance, especially
for the longer leaves (9, 10 and 11): from 3 to 8
degrees per day on average (figure 1).
We found that initial plant orientation had a

strong effect on final leaf azimuthal dispersion (fig-
ure 2). At the bottom of the canopy (leaf numbers

from 6 to 8), distribution tended to be normal with
low dispersion. Dispersion increased in the middle
layers of the canopy (leaf ranks from 9 to 11). At
the top of the canopy (leaf numbers from 12 to 14),
azimuthal distribution tended to be uniform, espe-
cially in the parallel plot (figure 2, see [8] for more
details and statistical analysis). Increased clumping
in the initial canopy pattern provoked an increased
reaction in the leaves towards uniform azimuthal
distribution. As Girardin and Tollenaar [15], who
conducted experiments under controlled conditions
with similar initial plant patterns, we found a ten-
dency under field conditions for the azimuths of
longer leaves to disperse (from 9 to 11, in the mid-
dle layers of the canopy), regardless of the initial
plant orientation (perpendicular or parallel to the
row). In contrast to Girardin and Tollenaar (see e.g.
figure 3 under field conditions, [14]), we did not,
however, find an overall tendency for the upper
leaves to become perpendicular to the row.
Furthermore, algebraic means were not significant-
ly different from zero: there was an equal probabil-
ity for any leaf to display either on one side or the
other of the zero mean orientation (see [8]).

2.3. What should we do to assess the effect
of leaf re-orientation on light absorption?

Our study revealed noticeable azimuthal re-ori-
entation in maize leaves until silking. Furthermore,
we have previously shown [8] that the changes to
the spatial position of maize leaves are mainly due
to azimuthal movements: for a fully expanded leaf
rank, lamina base inclination and lamina base
height remain relatively constant between plants
within a canopy. We therefore only tested the influ-
ence of leaf azimuthal re-orientation on light
absorbed daily by the canopy. First, we modelled
the time course of the canopy architecture using
field measurements. We then designed hypothetical
canopies that were characterized by various leaf
azimuthal patterns. Light distribution was calculat-
ed within actual and hypothetical canopies. Finally,
we compared the simulated daily light absorption
efficiency of an actual canopy to the efficiency of
the associated hypothetical canopies.



3. Modelling canopy architecture
and light distribution

3.1. Experiment design

A field experiment was carried out at Grignon
(France, 48° North) using the maize hybrid DEA.
Maize was sown in the early summer of 1996 at
two initial densities: 20 plants m-2 (D-density) and
10 plants m-2 (d-density). The rows ran north-
west-south-east. Two plots at low density were
obtained by removing plants during stem elonga-
tion (at 74 days after sowing (DAS)). In one plot of
initial density 10 plants m-2 (d-density), three
plants out of four within each row were removed to
obtain a final density of 2.5 plants m-2
(d10&rarr;2.5-density). In another plot of initial density
10 plants m-2 (d-density), one row out of two were
removed as well as nine plants out of ten within the

remaining row, which resulted in a final density of
0.5 plants m-2 (d10&rarr;0.5-density). The plots were
weeded, and plants were kept free of water stress
by liberal drip irrigation.

3.2. Description of plant architecture

The 3D structure of the plants was measured
with a magnetic digitizing device ([31], see e.g.
[40] for more details). For each plant, the co-ordi-
nates along the axis of the stem and the midrib of
each leaf were recorded. The number of points per
axis varied from 10 to 30 according to the length
and the curvature of the organ. To examine densi-
ties of 10 and 20 plants m-2, data were obtained on
20 plants (four rows with five plants per row) at
three stages of development: beginning of stem
elongation (DAS = 60, figure 4a), end of stem
elongation (DAS = 74, figure 4b) and post-silking



(DAS = 90, figure 4c). In the two plots at low den-
sity (2.5 and 0.5 plants m-2), data were recorded at
DAS = 90 on 12 plants (four rows with three plants
per row). For each plot, the corresponding leaf area
index (LAI) is shown in table I. Measurements

were taken in the morning to minimize possible
wind, water stress and heliotropism effects.

3.3. Plant reconstruction

The curvature of the axes of each plant (stem
and leaf midribs) was obtained through digitizing.
To reduce noise on the 3D structure, digitized co-
ordinates were smoothed according to a cubic
spline procedure (based on Lewis [23]). To
describe the shape of the leaf blade, we established
allometric relationships between lamina length and
maximal width using a quadratic polynomial
(based on Bonhomme and Varlet-Grancher [3]).
The stem was reconstructed by measuring intern-
ode length and diameter. Each plant was geometri-
cally represented by a set of about 1 000 triangles
and was visualized using the Freeware program
Geomview (figure 4a-c). The reconstruction was
indirectly validated by comparing the length of
each measured lamina to the reconstructed one,
and then the reconstructed plants to photographs
(see [7] for more details).

3.4. Modelling associated hypothetical canopies

Since a major part of the variations in the aerial
structure between neighbouring plants are due to
azimuthal re-orientations, hypothetical canopies
were simulated by simply rearranging the
azimuthal positions of the leaves according to
those observed in the actual canopy (see e.g.
figure 5a). The actual orientation of the rows was
maintained.

First, we generated two aerial structures com-
monly used in the literature for maize growth mod-
els. For one structure, azimuthal orientations of
leaves were randomly rearranged (figure 5b). For
the other structure, we generated opposite leaves in
a vertical plane; the plane of each plant was deter-
mined by the azimuthal orientation of leaves 6 and
7 (figure 5c). Then, to estimate the range of varia-
tions of the daily light absorption efficiency
(DLAE) following the azimuthal re-orientation of
leaves, we generated two other associated hypo-
thetical canopies, which represented extreme situa-
tions of competition. For one structure, leaves were
rearranged opposite and perpendicular to the row
(figure 5d) to reduce competition between leaves.
For the other structure, leaves were rearranged
opposite and parallel to the row (figure 5e) to
increase competition between leaves.



3.5. Simulation of light environment within
the canopy

A 3D volume-based version of the light transfer
model RIRI (Radiation Interception in Row
Intercropping [38]) was used to calculate irradi-
ance distribution inside the canopies and the light
absorption efficiency of the canopies. The model is
based on the turbid-medium analogy. In this way,
the canopy structure is abstracted by an array of
3D cells (0.1 m wide) which may contain foliage
or be empty (figure 4d-f). For each canopy cell, the
leaf area density and the leaf angle distribution are
calculated from the area and the orientation of the

triangles (figure 4) (Andrieu, pers. comm.).
The model deals with direct and diffuse incident

radiation and scattered radiation. Interception of
direct incident radiation is calculated on the basis
of simple geometrical considerations. A sample of
directional beams enters the canopy from the top.
The Beer-Lambert law is applied to calculate beam
extinction within any visited cell and the probabili-
ty of beam interception by the foliage elements.
For each cell, beam interception depends on the
direction of the beam, the leaf area density and the
leaf distribution angle within the cell, and the size
of the cell. Diffuse incident radiation is treated as
direct incident radiation, by integrating directional
interception contributions over the whole sky. The
sky is divided into solid angle sectors: nine classes
of height angles (intervals of 10°) and 12 classes of
azimuth angles (intervals of 30°). The amount of
incident diffuse radiation coming from each angle
sector is computed from the standard OverCast sky
distribution [26]. For scattering radiation, the
directional distribution of the radiation scattered by
the soil surface and the foliage elements is first
assessed using a phase function, and the intercep-
tion of the scattered radiation is then calculated.

The radiative balance of the canopy is solved by
using an adaptation of the radiosity method [30]
which makes it possible to obtain the radiation
absorbed by each cell of the canopy (see [38] for
more details).

For each plot, simulations of light absorption
were performed in the photosynthetic active radia-
tion waveband (PAR, 400-700 nm) from six values



of daily global radiation (table II). Instantaneous
values of direct radiation and diffuse radiation

were simulated for each time step (0.1 h), as
described in Spitters et al. [42] and Allirand (pers.
comm.). The latter assumes a seesawing at the
instantaneous scale between a completely clear sky
and an entirely overcast sky (see [7] for details).
For each cell of the canopy, the daily average
foliage irradiance was calculated from the instanta-
neous values. The daily light absorption efficiency
(DLAE) of the canopy was evaluated by integrat-
ing instantaneous and local (i.e. each cell) values.

The model requires the optical properties of the
foliage and uses the classical assumption of equali-
ty between leaf reflectance and leaf transmittance.
Since we found that leaf reflectance and transmit-

tance were relatively constant within the canopies,
at least during the studied period, we used only one
average value of reflectance-transmittance (0.07).
Land soil reflectance was set equal to 0.10 (see [7]
for more details).

The light model had previously been validated
using radiation measurements for several crops,
especially maize canopies (see [37, 38]).

4. Influence of leaf azimuthal
re-orientations on light absorbed
by the canopy

4.1. Daily light absorption efficiency
in associated actual and hypothetical canopies

Because leaves explore a large range of
azimuths during their growth, we studied the effect
of azimuthal re-orientations on light absorbed daily
by canopies of various leaf area indexes (LAI). For
each plot (table I), all the values of DLAE simulat-
ed within the hypothetical canopies were normal-
ized by the value of DLAE simulated within the
associated actual canopy (figure 6).

Regardless of canopy LAI, the three aerial struc-
tures (actual (figure 5a), random (figure 5b) and
opposite (figure 5c)) had similar values of normal-
ized daily light absorption efficiency (NDLAE). As

the LAI of the canopy varied from 1.1 (d10&rarr;2.5-den-
sity at DAS = 90) to 6.7 (D-density at DAS = 90),
the differences in NDLAE between these three

kinds of aerial structure were insignificant (less
than 3 % (figure 6)). However, in a canopy of LAI
2.9 (d-density at DAS = 60), the random azimuthal
distribution of leaves could have caused a 3 %

decrease in NDLAE compared to the associated
actual layout. Since leaves tended to display their
surface in the space between rows [37], a random
azimuthal distribution of leaves would mean

stronger clumping within the rows. This might lead
to a decrease in the light absorbed by leaves.

Considering hypothetical unrealistic canopy
structures (all the leaves perpendicular to the row
(figure 5d) or all the leaves parallel to the row (fig-
ure 5e)) made it possible to observe significant dif-
ferences in NDLAE between these hypothetical
canopy structures and the associated actual canopy
structure (figure 6). In the perpendicular configura-
tion, repartition of the foliage within the canopy is
regular (figure 5d), and NDLAE is significantly
higher within the perpendicular layout than in the
actual one for canopies of LAI 2.9 and 4.5, 6 and
3 %, respectively (figure 6). For open canopies
(LAI = 1.1) or dense canopies (LAI = 6.7), the dif-
ferences between actual and perpendicular struc-
tures were insignificant in terms of daily light
absorption (less than 3 % (figure 6)). If all the
leaves were parallel to the rows, foliage clumping
within the rows would be extremely dense (fig-
ure 5e). This structure could lead to a large decrease



in NDLAE compared to the actual structure. As
previously stated, the greater differences in NDLAE
between parallel and actual layouts were observed
for canopies of LAI 2.9 and 4.5, 17 and 10 %,
respectively (figure 6). For open or dense canopies
(LAI = 1.1 and LAI = 6.7), these differences were
insignificant (less than 3 % (figure 6)).

The range of NDLAE variations, resulting from
variations in azimuthal positions of leaves, was
determined for each canopy (table I) from the
highest NDLAE (generally obtained with the per-
pendicular layouts) and the lowest NDLAE (gener-
ally obtained with the parallel layouts). Three LAI
domains were identified (figure 7). For the open
canopies (LAI less than 2 or 3), even a strong vari-
ation in the azimuthal position of leaves would
lead to a low range of NDLAE variations (less than
5 %). A similar behaviour was observed for the
dense canopies (LAI above 5 or 6, range less than

10 %). Conversely, for the canopies characterized
by a LAI of between 2.5 and 5.5, changes to the
azimuthal orientation of leaves could cause larger
changes in NDLAE: changes in the aerial structure
from a perpendicular leaf azimuthal layout to a
parallel one could lead to a range of NDLAE varia-
tions of 25 % (figure 7).

4.2. Distribution of daily leaf irradiance
within the canopy

Figure 8 shows the partitioning of daily leaf irra-
diance by horizontal parallelepiped of section
0.1 x 0.1 m2 within the actual canopy as well as the
two associated extreme configurations. The simi-
larity between the leaf irradiance profiles within
the actual leaf azimuthal layout and the perpendic-
ular one (figure 8a, b, and figure 8d, e) was expect-
ed (see figure 5). Conversely, the leaf irradiance





profiles varied greatly between the actual leaf
azimuthal layout and the parallel one (figure 8a, c,
and figure 8d, f). However, this large difference led
to relatively low differences in NDLAE values
between these two leaf configurations: only 17 %
within a canopy of LAI 2.9 (see figure 6). Since
sunbeam inclination is always less than 65° at the
latitude of Grignon (48° North), strong leaf clump-
ing within the row would increase the daily light
absorbed by the lower layers of the canopy in the
parallel layout (figure 8c, e). This configuration
would partially compensate for the low light
absorption efficiency within the row due to leaf
clumping, which might explain the relatively low
differences in NDLAE between these extreme leaf

configurations.

5. Discussion

5.1. Leaf position as a reaction to
local environment

To explain leaf azimuthal re-orientation, we sug-
gested that leaf positioning might be a reaction to
changes in the local environment rather than an
optimal strategy of leaf positioning developed by
the plant. Each individual leaf could detect and
avoid leaf clumping in reaction to either contacts
or changes in local light microclimate. This
assumption was supported by previous work [8],
which reported no clear relationship between
internode rotation and leaf azimuthal rotation.

The first hypothesis, reaction to foliage accumu-
lation, might be considered: leaf azimuthal disper-
sion was more important for initial plant orienta-
tion within the row than perpendicular to the row.
Investigating light profiles (figure 8) enables us to
discuss the second hypothesis of local leaf accli-
mation to light microclimate. Since leaf azimuthal
re-orientation mainly occurred during the leaf
growing period, light could only affect leaf posi-
tioning during this short period of about 10 days.
We could first imagine that leaf re-orientation is
due to local variations in the quantity of absorbed
energy (PAR radiation). Each individual leaf could

develop a strategy to maximize light capture. This
optimization process occurs for a short period
(only 10 days). Since it affects a reduced number
of leaves (only developing leaves partially shaded
by upper ones), its results on light absorption by
the whole canopy could be lower than expected.
The upper growing leaves received about the same
quantity of daily radiation whatever their orienta-
tion. Consequently, the changes in the azimuthal
positioning of leaves would be a reaction to some
other factor than quantity of radiation intercepted;
the quality of scattered radiation (blue, red/far-red
ratio) received from the lower mature leaves could
play a role. These changes to light quality caused
by neighbouring leaves could influence the pho-
totropism of growing leaves [2, 43]. Such a reac-
tion might allow the leaves to avoid indirectly self-
shading in the middle layers of the canopy, but this
would only be partial because of the low mobility
of mature leaves and the short duration of the leaf

growing period. Whatever the variable, light quan-
tity or light quality, its daily changes are likely to
have little effect on the light absorbed daily by the
canopy.

However, generating realistic situations of leaf
re-orientation (opposite (figure 5c) or random (fig-
ure 5b)) enables us to investigate both the depen-
dence and the independence of the azimuthal ori-
entation of successive leaf ranks within any plant
with respect to daily light absorption.

The comparison between actual (figure 5a) and
opposite (figure 5c) patterns indicates that plants
should not benefit from re-orientating leaves with
respect to their distichous plane (figure 6), at least
in temperate regions. At the latitude of Grignon
(48° North), sun angles are always less than 65°
and they allow a good penetration of incoming
radiation within the canopy when leaves are super-
imposed (figure 8c, f). That is in contrast with
Girardin and Tollenaar [15], who reported that the
azimuthal shift of successive leaves tended to
reduce interplant competition for incident radia-
tion. It would be worthwhile to carry out our study
in the light conditions of subtropical latitudes,
which correspond to the conditions encountered by
the primitive maize plants. Superimposition of
leaves associated with vertical sunbeams around



midday might be disadvantageous for light absorp-
tion. Maize plants in subtropical regions may have
developed strategies to avoid unfavourable oppo-
site leaf layouts.

The comparison between actual (figure 5a) and
random (figure 5b) patterns enables us to test the
effect of independence in the leaf azimuthal orien-
tation of successive leaf ranks on daily light
absorption. We showed that the actual layout is
similar to the random one for light absorption. That
is connected with the observed tendency for suc-
cessive leaves to display randomly distributed
azimuths, especially the upper ones (figure 2c, f).
This random leaf positioning could be altered by a
row effect, as reported by Sinoquet and Bonhomme
[37], among others.

5.2. Light absorption efficiency
in heterogeneous maize canopies

We showed through simulation of light absorp-
tion that leaf azimuthal orientations were likely to
have no significant effect on the light absorbed
daily by the canopy (figure 6). We had to consider
extreme and unrealistic leaf azimuthal layouts (all
the leaves initially perpendicular to the row or
within the row) in order to simulate significant
variations in daily light absorption efficiency. An
explanation of the slight discrepancies in NDLAE
between associated actual and hypothetical
canopies was provided by the similarity of daily
leaf irradiance profiles (see figure 8a, b and fig-
ure 8d, e). Therefore, the hypothesis of leaf
azimuthal layouts classically used for a maize
canopy (random or opposite layout) is suitable for
crop-functioning models.

Investigating the range of NDLAE variations
helped us to distinguish three LAI domains that
corresponded to three domains of crop heterogene-
ity, according to competition between leaves of
neighbouring plants for space occupation and light
interception (figure 7). First, our canopies with
LAI less than 2.5 corresponded to low plant densi-
ties (d10&rarr;2.5- and d10&rarr;0.5-density) at DAS = 90. In
these canopies with strong horizontal heterogene-
ity, competition was poor between neighbouring

plants within and between rows. Azimuthal varia-
tion in leaf position led to slight changes in local
light microclimate. Our canopies of LAI greater
than 5.5 corresponded to a 20 plants m-2 density on
and after DAS = 74. In these canopies with rela-
tively low horizontal heterogeneity, competition
between neighbouring plants within and between
rows was likely to be strong. As in the preceding
case, azimuthal variation in leaf positions led to
mild changes in local light microclimate. Our
canopies with LAI between 2.5 and 5.5 corre-
sponded to a 10 plants m-2 density between
DAS = 60 and DAS = 90. In these fairly heteroge-
neous canopies, competition was expected to be
high between neighbouring plants within the rows,
even though competition between rows was likely
to be low. Azimuthal variation in leaf position
caused greater variation in local light microclimate
than in the two canopies of the first type.

Our study may have implications for agronomic
modelling. Light absorption caused by leaf
azimuthal re-orientation differed most in canopies
with normal agronomic density (10 plants m-2)
between the onset of stem elongation and silking.
This developmental period corresponds to a major
phase of leaf biomass accumulation, and the pro-
duced leaf surface will later on be responsible for
the current photosynthesis filling the grain [13].
Therefore, azimuthal positioning of leaves towards
the end of the vegetative period might influence the
final grain yield of the canopy. A more regular dis-
tribution of foliage within fairly heterogeneous
canopies would increase light absorption, then crop
yield. This was partially observed in natural condi-
tions, where leaves showed a tendency to display
between rows, especially after stand closure. This
study emphasized the need to take into account the
horizontal distribution of foliage in the case of fair-
ly heterogeneous canopies such as row crops.

6. Conclusion

We previously demonstrated large azimuthal re-
orientation in maize leaves, mainly during the leaf
growing period [8]. To explain leaf movement, we
hypothesized that leaves react to their local envi-



ronment, especially a light microclimate. However,
simulations using a 3D volume-based model of
radiative exchange [38] showed that leaf re-orien-
tation had no significant effect on light absorbed
daily by the canopy, at least in the light conditions
of temperate regions. No previous studies contra-
dict this, but further investigations are required to
validate this result on other crops. It would also be

interesting to consider subtropical light conditions
and to re-examine the effect of superimposed
leaves under these conditions. Thus, for heteroge-
neous maize canopies, the classical assumptions on
leaf azimuthal layouts are suitable for assessing
aspects of crop functioning, such as crop biomass
production, that require a period of integration of at
least 1 day. This result is not confirmed by similar
studies involving a smaller period of integration [7]
and it may be not applied at the organ (i.e. leaf)
level. Thus, in the case of period of integration
smaller than 1 day, architectural plant models [12]
should be coupled with surface-based models of
radiative transfer [5] and not to volume-based
models to investigate the hypothesis of leaf optimal
positioning in order to maximize light capture.
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