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Summary - Transmitted radiation under trees shows variability in space and time that may have impli-
cations for the understorey. Light measurements were made in a young agroforestry system to assess
the radiation distribution below the tree canopy. Measurements show that the variability of the trans-
mitted radiation is mostly due to the size of the tree shadow and to the irradiance distribution in the
shaded area. The light measurements were used to test the predictive capacity of a three-dimen-
sional radiative transfer model based on the turbid medium analogy. The model correctly simulates
the fraction of sunlit area and the irradiance distribution in the shaded area. However, it underestimates
low radiation values and fails in describing the fine spatial pattern of transmitted radiation because
of the stochastic nature of the radiation field. To obtain a mean error less than 15% of the incident radi-

ation, the distribution of transmitted radiation has to be described by elementary soil surface areas over
0.08 m2.

photosynthetically active radiation / spatial distribution / canopy geometry / agroforestry /
Prunus avium

Résumé - Répartition spatiale du rayonnement transmis sous de jeunes arbres en système
agroforestier. Dans une plantation à large espacement, le rayonnement transmis disponible pour la
strate inférieure est très variable dans l’espace et dans le temps. Cette hétérogénéité peut avoir des consé-
quences sur le fonctionnement de la strate inférieure. Des mesures de rayonnement utile à la photo-
synthèse ont été effectuées pour étudier la distribution du rayonnement sous les couronnes de jeunes
merisiers plantés à faible densité. Ces mesures servent également à valider un modèle de transfert radia-
tif. Les mesures montrent que la variabilité du rayonnement transmis au niveau de la strate infé-
rieure est essentiellement due à la taille de l’ombrage projeté par les arbres et à la distribution du rayon-
nement dans la surface ombragée. Le modèle simule correctement la proportion de surface ensoleillée
ainsi que la distribution du rayonnement dans la surface ombragée. Cependant, il sous-estime la

* Correspondence and reprints
Tel: (33) 04 73 64 50 81; fax: (33) 04 73 64 50 51



valeur minimale du rayonnement transmis et ne permet pas de simuler sa répartition spatiale à une
échelle fine en raison de la nature stochastique du rayonnement transmis. Pour une simulation cor-
recte de la répartition spatiale du rayonnement transmis, la surface minimale de simulation doit être
comprise entre 0,08 et 0,18 m2.

rayonnement photosynthétiquement actif / répartition spatiale / géométrie du couvert /
agroforesterie / Prunus avium

INTRODUCTION

Agroforestry is defined as a multiple land-
use system in which woody plants are com-
bined with annual crops and/or animals on
the same unit of land (Jarvis, 1991). In these
systems, the tree canopy reduces and mod-
ifies the light availability to the understorey,
with possible consequences on photosyn-
thesis, water relations and morphogenesis.
Previous studies have shown that the mean
irradiance under a non-homogeneous canopy
may not be a reliable parameter to examine

physiological processes because of the non-
linear plant responses to light (Baldocchi
and Hutchison, 1986; Myneni et al, 1989;
Pearcy et al, 1990). For example, the total
CO2 fixed by leaves exposed to brief sun-
flecks can be 150-200% of the predicted
rates from steady-state measurements
(Pearcy et al, 1990). The spatial distribu-
tion of radiation on the floor is determined

by the three-dimensional structure of the
overstorey (Chazdon, 1988). In agroforestry
systems, the spatial and temporal variability
of irradiance is crucial because trees form a
real heterogeneous canopy, especially before
canopy closure.

A number of radiative transfer models
have been applied to agroforestry systems.
Geometrical models have been used to cal-
culate the shadows cast by trees described as
simple shapes (Quesada et al, 1989; Reid
and Ferguson, 1992; Nygren, 1993). Jackson
(1983) proposed a general framework to
estimate the light available under trees with
any shade model. Different types of mod-
els based on the turbid medium analogy
have been or could be used in agroforestry:

McMurtrie and Wolf’s model (1983) deals
with tree-pasture systems where both strata
are assumed to be horizontally homoge-
neous. Hybrid models combining a geo-
metrical description and the turbid medium
theory (eg, Norman and Welles, 1983; Wang
and Jarvis, 1990, amongst many others) are
able to estimate the radiation transmitted
under a tree canopy. Other models abstract-

ing the canopy structure as a set of two- or
three-dimensional cells have been applied
to trees (Kimes and Kirchner, 1982; Cohen
and Fuchs, 1987) or agroforestry
(Tournebize and Sinoquet, 1995). All these
models were used to simulate mean fluxes
absorbed or transmitted by trees, disregard-
ing the spatial distribution of radiation. Some
models, however, have considered the spa-
tial variability of radiation on the floor in
forest stands, but at a scale of some meters
(Kuuluvainen and Pukkala, 1987; Pukkala et
al, 1991).

The aim of this paper is to assess the abil-

ity of a turbid medium model to evaluate
the spatial variability of the transmitted radi-
ation below a young agroforestry planta-
tion. For this purpose we modified the Sino-

quet and Bonhomme radiative transfer
model (1992) to consider three-dimensional
heterogeneous canopies and to compute the
spatial distribution of transmitted radiation.
Tree structure and light distribution below
trees were measured in an agroforestry sys-
tem consisting of wild cherries (Prunus
avium) and a pasture of Festuca elatior. The
measurements allowed us to identify the
causes of variability in transmitted radia-
tion and to test the model.



MATERIALS AND METHODS

Field experiment

The experiment was conducted at the Cemagref
(Centre d’études du machinisme agricole du
genie rural des eaux et forêts) centre in Montol-
dre, France (46°2 N, 3°25 E). The canopy is
formed by rows of wild cherries (Prunus avium)
planted in 1990 at a density of 1 250 stems·ha-1.
Protection from rabbits and deer was obtained

by plastic tree shelters. Trees were thinned in
1994 to 625 stems·ha-1, ie, a 4 m square-planted
pattern. Trees were pruned once a year for a high
quality bole. The row azimuth is 31°5 E. No irri-
gation was supplied during the experiment. To
protect the trees from Phloeosporella padi and
aphids, chemicals were applied twice a year in
June and September from planting onwards. The
grass layer is mainly made up of Festuca elatior
which is mowed twice a year in May and Septem-
ber.

Radiation measurements

The spatial distribution of transmitted radiation
was measured in 1994 using a tracking system
made up of two trolleys, each one moving on a
16 m2 area (area &num;1 and area &num;2) delimited by
four trees (fig 1). During a measurement cycle
the system recorded the transmitted radiation in 
each area. Each trolley carried a CR10 datalog-
ger (Campbell Scientific Ltd, Shepshed, UK)
and a 4-m-long line of sensors perpendicular to
the row direction mounted 1 m above the ground.
A line of sensors contained 19 amorphous silicon
cells (ASC; Solems, ZI Les Glaises, Palaiseau,
France) spaced every 20 cm and measuring pho-
tosynthetically active radiation (PAR,
400-700 nm). The horizontality of each ASC
was inspected before and after each measure-
ment cycle. Each ASC was individually con-
nected to the CR10 datalogger.

All PAR sensors were individually calibrated
by comparison with a PAR quantum sensor (SKP
210, Skye Instruments, Llandridod Wells, Wales)
although spectral responses of the two types of
sensors are slightly different (Chartier et al,
1989). The tracking system moved upon two hor-
izontal and parallel metal rails placed on the
ground exactly in between two rows of wild cher-
ries. The two trolleys were linked with an 8 m
bar of metal and moved together owing to a sole

motor located on one of them. Forty holes were
made regularly every 10 cm on the side of one
rail. An induction sensor was placed on the trol-
ley, causing the motor to stop when a hole was
detected. The motor was connected to a CR10

datalogger to make the tracking system restart
after the measurements at a given location.

The average of the measurements made dur-

ing 15 s was recorded for each sensor and each
steady-state position of the tracking system. Dur-
ing one measurement cycle each trolley allowed
us to record 760 (40 x 19) data on 16-m2 area to

describe the spatial distribution of light. A mea-
surement cycle took 15 min. The datalogger
memory made it possible to store the data of
16 measurement cycles.

Incident radiation in the PAR waveband was
measured with an ASC placed in an open area
30 m away from the wild cherry trees. An ASC
was shaded to measure the incident diffuse PAR.
These sensors were connected to a third CR10

datalogger. The three dataloggers were connected
together to make simultaneous measurements.
Each time the trolley stopped to allow measure-
ment, the incident radiation was measured and
the average of the measurements made during
15 s was recorded. Thus, 40 diffuse to global
radiation ratios (DGR) were available for each
cycle of the trolleys.

Canopy structure measurements

Wild cherries show two main architectural fea-
tures: leaves are inserted on twigs (up to I 1 leaves
per twig) and twigs are distributed all along the
branches (Fournier, 1989). Therefore the three-
dimensional distribution of the leaf and wood
area of the eight trees surrounding the tracking
system was measured as follows (fig 2): i) for
each axis (stem and branches), height of the axis
insertion, diameter at 2 cm from the base, length,
zenith and azimuth angles, ii) for each twig,
length between the twig and the insertion of the
underlying axis, length of each leaf.

The area of each leaf was estimated by using
a relationship between length and area. It was
determined by a random sampling of 100 leaves
on neighbour trees, on which length (LL, mm)
and area (LA, cm2) were measured:





The growth of wild cherry is polycyclic. The
measurements given here were made during May
and June 1994. During the last week of August,
the same measurements were made on three main
branches in two of the eight trees in order to
establish the evolution of the structure. No sig-
nificant difference was found between the two
sets of measurements, meaning that the main
growth of 1994 was accomplished at the end of
May 1994 probably because of a dry summer.
This was confirmed by the very small annual
growth observed in the routine measurements
(tree height and breast diameter) made on the
plot in autumn.

Model description

The model (Sinoquet and Bonhomme, 1992) is
based on the turbid medium analogy. The canopy
is described as a set of elementary units divided
into contiguous elementary volumes. In the orig-
inal model, the space between the soil surface
and the horizontal plane at the top of the canopy

was divided into horizontal layers and vertical
slices parallel to the row direction allowing a
two-dimensional description of the canopy. In
this study, the model has been extended to three-
dimensional canopies, ie, three-dimensional cells
are defined by the intersection of horizontal lay-
ers, vertical slices parallel to the row direction
and vertical slices perpendicular to the row direc-
tion. Each cell may be empty or contain one or
more plant components (leaves or woody parts).
Cell content is described by the area density and
inclination distribution of each component.
Within a cell, area densities are assumed to be
uniformly distributed, inclination distributions
constant and azimuths random.

For a given direction, the path of beams reg-
ularly sampled every 1 cm is computed through
the cells from simple geometrical considerations
by computing the intersections between the beam
path (a line) and the cell bounds (plans). Then
cells visited by the beam are identified, and the
path length in each cell is computed.

Beam extinction is calculated from the Beer-
Nilson’s law applied to each cell crossed by the



beam. The probability Pjk that a beam of direction
&Omega; is intercepted by plant component j within the
kth cell visited is

where &mu; is the leaf dispersion parameter (Nil-
son, 1971; &mu; = 1 for a random leaf dispersion)
Gil is the projection coefficient for the direction
&Omega; and plant component i (see Ross, 1981), ail is
the area density of component i in cell l and &delta;sl is
the length of the beam path in cell l. In the stan-
dard run, leaf dispersion is assumed to be ran-
dom for all the components. The three terms of

Eq (1) are, respectively, i) the gap frequency
above cell k, ii) the radiation intercepted by the
whole plant components in the cell k, and iii) the
proportion of the radiation intercepted by plant
component j.

The direct component of the incident radiation
is assumed to be a set of parallel beams coming
from the sun position. The penumbra effect is
therefore disregarded. Diffuse incident radiation
is considered as a set of directional fluxes. The

sky is divided into 144 solid angle sectors, ie,
eight zenith angle classes and 18 azimuth classes.
Hemispherical fluxes are computed by numerical
integration over the whole sky.

The multidirectional origin of the scattered
radiation is taken into account. The assumption
is made that the radiation scattered by a plant
component in the direction &Omega; only depends on the
cosine of the angle between the normal of plant
component and the exit direction &Omega;. Intercep-
tion of scattered radiation is treated like that of
incident radiation. The only difference is that
beams come from the scattering zones (vegetation
cells and soil surface) and their energy is defined
by the scattering phase function. Interception of
scattered radiation is expressed in terms of
exchange coefficients CA,B between a source A
and a receiver B of scattered radiation.

The radiative balance of the canopy is solved

by using the radiosities method (Ozisik, 1981).
The radiation intercepted by component j in cell
k is

where Rbjk and Rdjk are, respectively, the direct
and the diffuse incident radiation intercepted by
the plant component j within the cell k, Cil, jk
&sigma;i·Ril is the scattered radiation coming from
plant component i in the cell I and intercepted
by the plant component j in the cell k, &sigma;g is the
soil reflectance, Rgm is the radiation transmitted
to the soil cell m (m = 1,...Nx). Equation (2) (ie,
for j = 1,...M and k = 1,...N) forms a system of lin-
ear equations where fluxes Rjk are the unknowns.
It is solved by an iterative method.

The model has been extended to compute, for
each soil cell, the transmitted radiation in the
shaded and in the sunlit area separately. The
shaded area (Asha) is supposed to receive only
the diffuse and the scattered radiation while the
sunlit area (Asun) receives the same diffuse and
scattered radiation plus the whole direct incident
radiation. The ratio of sunlit area in each soil cell

corresponds to the direct radiation transmittance
(Chartier, 1966) and may be written

where Rbk is the direct radiation intercepted
within the soil cell k and Rb0 is the incident direct
radiation above the canopy. This allowed us to
estimate the standard deviation (SD) of the sim-
ulated transmitted radiation in each soil cell using
the following equation

where Rsk is the mean simulated transmitted ra-
diation in the soil cell k, Rsun and Rsha are the
simulated transmitted radiations in the sunlit area
and in the shaded area of the cell k, respectively.

Finally, the data obtained from the model are
the mean transmitted radiation at the soil level,
the transmitted radiation in each soil cell (thus,
the spatial distribution of the transmitted radiation
on the whole scene), the sunlit and shaded area
and the standard deviation of the simulated trans-
mitted radiation in each soil cell.



Input parameters for the model

Leaves and woody parts were considered as two
components with their own optical properties.
Reflectance and transmittance were measured

using a spectroradiometer (Li-Cor 1800, Lin-
coln, NE, USA) in June 1994. Mean values of
reflectance and transmittance integrated on the
PAR waveband were 9 and 13 for leaves and I 1
and 2 for bark, respectively. Although there were
differences between measured reflectance and
transmittance, a simple scattering coefficient (ie,
the sum of reflectance and transmittance) was
used because the model assumes bark and leaves
to be lambertian diffusers.

Leaf inclination distributions were assumed to
be spherical as generally reported for trees (Ross,
1981). Trunk and branch inclination distribu-
tions were, respectively, assumed to be vertical
and spherical.

Sensitivity analyses of the system were made
by changing the leaf inclination distribution and
the leaf dispersion. Two contrasted leaf inclina-
tion distributions (ie, erectophile and planophile)
were compared with the spherical leaf inclina-
tion distribution. The effect of leaf dispersion
within cells was also studied by changing param-
eter &mu; in Eq (1) (Nilson, 1971): &mu; = 0.8 to sim-
ulate a more clumped dispersion and &mu; = 1.2 to
simulate a more regular leaf dispersion.

The size of cells for the description of the
canopy structure was 0.1 m according to the
mean length of wild cherry leaves. A program
written in C allowed us to allocate leaf and wood
area in the three-dimensional cells from the

canopy structure measurements. The leaf area
attached to a twig was assumed to be in the cell 
containing the twig base. For the woody parts,
the unfolded half area of the segment included in 
each cell was calculated assuming that woody
parts were cylinders.

The elementary unit used for the simulation
was a frame of 8 m x 8 m, ie, the soil surface
occupied by four trees. The elementary unit
included 236 800 cells: 1 280 (area &num;1) and
1 430 (area &num;2) cells contained leaves or woody
parts. The whole canopy was assumed to be made

up of replicates of the elementary unit placed
side by side.

As DGR was not constant during the 15 min
necessary for the whole area measurement (fig 3),
two simulations were made for each simulated

cycle: one with DGR = 0 and one with DGR = 1.
The transmitted radiation for each trolley stop,

and therefore for each measurement line, was
computed by summing the two simulated trans-
mitted radiation weighted by DGRk, which was
the diffuse to global ratio corresponding to the
recording position of the cell k:

where Rsk was the transmitted radiation in the
cell k, Rsk (1) the transmitted radiation computed
with DGR = 1 in the cell k, Rsk (0) the transmit-
ted radiation computed with DGR = 0 in the cell
k.

Data analysis

The behaviour of the model was tested by com-
paring simulated and measured values. Eight
cycles were chosen to test the model. Each cycle
was made of 760 values of transmitted radiation
for each area. The eight cycles were made in var-
ious conditions of incident radiation (fig 3) to
scan different sun positions, different DGR and
different variations of the incident radiation dur-

ing the cycle (table I). The incident radiation was
constant during cycle 2 (low DGR 0.33); during
the other cycles, incident radiation showed more
or less pronounced variations and the mean DGR
was between 0.34 and 0.88. Sun height was
always more than 39° to limit shading by trees of
neighbour rows, the geometrical structure of
which was not described. This allowed small
radiation fluxes coming from elevations lower
than 39° (ie, diffuse radiation in all cycles and
direct radiation in cycle 8).

The data were analysed in three ways. First
the average transmitted radiation was computed
on a simulated and measured area. Second, the
study focused on the radiation distribution under
the trees. The spatial pattern of radiation distri-
bution was disregarded, ie, the analysis was made
on simulated and measured data arranged inde-
pendently in ascending order. Third, the spatial
pattern was taken into account by considering
paired data, ie, values taken at the same location
below the trees. For the second analysis, as the
values were arranged in ascending order, we
could not make a regression analysis and the
quality of the model was assessed only by the
mean square error of prediction (MSEP):



where Rmk and Rsk were, respectively, the relative
transmitted radiation measured and simulated in
cell k and Nx the number of soil cells (760 for
the whole area). For the third analysis, regres-

sion analysis and mean square error of predic-
tion were calculated. The same analysis was
repeated with the mean radiation transmitted onto
contiguous and non-overlapping areas corre-



sponding to a group of n sensors at the same
location on the measured and simulated patterns.

RESULTS

Canopy structure

Twig length was very short (< 2 cm) and a
mean of 4.5 leaves was attached on a twig.
An average distance of 3.3 cm separated
two twigs on the same axis. As the phyl-
lotaxy of wild cherry is 2/5, the distance
between two aligned twigs on the same axis
was 16.5 cm. The mean lengths of petiole
and lamina were, respectively, 15 and
56 mm. Accordingly, the distribution of leaf
area along an axis was discontinuous and
showed clumped behaviour. Fournier (1989)
also noted this pattern of leaf area distribu-
tion characterized by a muff of twigs
sheathering the axis. Relationships between
axis diameter at 2 cm from the base (D,
mm), total leaf area of the axis (TLA, m2),
axis length (L, mm) and number of twigs
on the axis (NT) were calculated including
all branching orders except trunks. The rela-
tionships can be used to simplify future
canopy measurements on the wild cherries

Table II gives canopy structure parameters
at the tree scale.

Crown width was estimated from the ver-
tical projection of the vegetation three-
dimensional cells onto the soil surface. For
similar total heights (4.3-5 m) and crown
heights (2-2.8 m), differences between the
eight trees were important in terms of crown
width (1.4-2.9 m) and total leaf area
(1.8-8.6 m2). Figure 4 shows vertical leaf
area profiles of two contrasting trees and
the ground cover of the two scenes. The
number of three-dimensional cells with
leaves or branches fluctuated from 242 for
tree &num;4 to 471 for tree &num;8 with an average
of 350 cells.

Distribution of measured radiation

below the trees

Examples of radiation distribution measured
below the trees are showed in figure 5. On
cycles 1-7, 70-90% of the understorey



received more than 90% of the incident radi-
ation. The small differences observed in the
90-100% radiation class between the two
areas may be related to the characteristics
of the tree responsible for shadow on the
measurement area: for instance, on cycles
I and 2, area &num;1 was mainly shaded by tree
&num;3, which was larger than tree &num;7, which

shaded area &num;2; on cycles 3-7, the two areas
were shaded by tree &num;2 and tree &num;6, which
had similar development (table II, fig 4).
The lowest values of transmitted radiation on

cycles 1-7 (DGR < 0.6) were about 30%
and similar for the two areas. For the two
areas and the seven cycles, radiation distri-
bution between 30 and 90% was not signif-





icantly different from a uniform distribu-
tion (&chi;2 test, P < 0.05). On cycle 8

(DGR > 0.8), transmitted radiation rarely
fell below 85% (fig 5). Most of the under-
storey received more than 90% of the inci-
dent radiation.

Model validation

Comparison between measured
and simulated values

of transmitted radiation

Mean simulated and measured transmitted
radiation are presented in table III. Mean
measured values were always greater than
80% of the incident radiation whatever the
sun position or DGR. Mean values were
also quite equal on a 16 m2 area (area
between four trees) whatever the sun posi-
tion or DGR: the difference between mea-
surement and simulation values reached a
maximum of 3% (eg, cycle 3), which cor-
responds to a maximum error of
45 &mu;mol·m-2·s-1.

Comparisons between distributions of
measured and simulated transmitted radia-
tion are presented as quantile-quantile plots
(Q-Q plots) in figure 6. Using Q-Q plots
makes it possible to compare the measured
and simulated fractions of understorey
receiving a given range of transmitted radi-
ation: the range is the quantile value equal to
5% in this analysis. On the whole, mea-
surements and simulations are in agreement.
On cycles 1-7 transmitted radiation above
90% of the incident radiation is accurately

simulated because i) it corresponds to sun-
lit areas, ii) the main part of the soil surface
area is sunlit, and iii) the model is able to
discriminate between the sunlit and the
shaded area. Deviations in lower transmitted
values may be either positive or negative
(fig 6, cycles 1-7). Cycles 3 and 4 show a
strong deviation when the measured trans-
mitted radiation is less than 40% of the inci-
dent radiation; in that case, the square-root
of MSEP reaches 24% on area &num;1 and 19%
on area &num;2 (cycle 4). Only five points are
involved in this deviation; therefore, only
0.6% of the measurement area is affected.
On cycle 8 the model slightly underesti-
mates radiation transmission. The square-
root of MSEP is 7%, which is a small value
when referred to the level of the incident
radiation (55-125 &mu;mol.m-2·s-1). In areas
submitted to the tree shadow (transmitted
radiation < 90%) discrepancies may be more
important: square-root of MSEP is up to
9%. However with regard to the level of the
incident radiation the absolute deviation
between the measurement and the simulation
reaches a maximum of 135 &mu;mol·m-2·s-1.

Maps in figure 7 show examples of the
spatial pattern of simulated and measured
transmitted radiation. On cycles 1-7, the
general shape of the shade is quite similar
for simulated and measured transmitted radi-
ation. The shaded points are more or less at
the same location on the two maps although
the measured shadow is more diffuse. On

cycle 8 (characterized by a high mean DGR)
neither the measured map nor the simulated
one shows simple spatial structure. This is







probably because, unlike in the sunny sky
conditions (cycles 1-7), several trees con-
tributed in the same proportion to radiation
interception.

Considering the spatial pattern of radia-
tion distribution the model poorly grasps
the variability of the transmitted radiation
at the scale of the sensor (n = 1): regression
analysis gives r2 coefficients between 0 and
0.39. The point to point comparison between
the measurement and the simulation (fig 8)
emphasizes that the maximum deviation
occurs when points are sunlit in the mea-
surement or the simulation and shaded in
the corresponding measured or simulated
area. Thus, the maximum error occurs on
the edges of the tree shadow.

Increasing the area of comparison (by
averaging transmitted radiation on n sen-

sors) improves the relationships. The most
significant improvement is shown when the
area increases from 0.02 m2 (n = 1) to
0.08 m2 (n = 4). For several cycles (cycle 2
area &num;1, cycle 3 area &num;1, cycle 6 area &num;2 and
cycle 7 area &num;1) measured and computed
distributions agree when 16 sensors are

grouped (r2 > 0.80 and square-root of
MSEP = 4-6%): thus, spatial variability is
correctly simulated from a 0.6 m x 0.3 m
area. However, for the other cycles, the r2
coefficient never reaches 0.75 even if trans-
mitted radiation is averaged on 16 sensors.
For the high DGR cycle, the r2 coefficient is
0 whatever the integration area.

The same analysis is made on the shaded
area only. The shaded area is defined as the
set of points such that measured or simu-
lated transmitted radiation is less than 90%
of the incident radiation. At the scale of the



sensor the square-root of MSEP on the
shaded area reaches 32% (cycle 2 area &num;2)
even though the maximum square-root of
MSEP in the total area is 18%. This differ-
ence is mainly due to the large fraction of the
sunlit area (up to 87% of the area) which is
well simulated in the total area leading to a
decrease of square-root of MSEP. The

regression coefficient showed that the model
could not give the variability of the trans-
mitted radiation in the shaded area at the
scale of the sensor. Increasing the area of
comparison improves the relationship: the
regression coefficients in the shaded area
are close to those in the total area in 75%
of the cycles studied (cycles 3-7) when
n = 16.

Comparisons between measurement and
simulation using the absolute transmitted
radiation (&mu;mol·m2·s-1) are computed from
the relative simulated transmitted radiation
and the incident measured radiation.
Because the absolute value integrates vari-
ations in the incident radiation during the
measurement cycle, the r2 coefficients are
better. Of particular interest is cycle 8: the r2
coefficient reaches 0.96 at the sensor scale
because the incident radiation varies from
I to 2.3 (54-124 &mu;mol·m2·s-1) even though
the r2 coefficient never reaches 0.01 in the

analysis on the relative values. Integrating
the transmitted radiation over larger areas
improves the relationship and the r2 coeffi-
cient is over 0.75 for cycles 3-7 from n = 4.
The square-root of MSEP is between 7.62

(cycle 8 area&num;1) and 361 &mu;mol·m2·s-1 (cycle
2 area &num;2) at the sensor scale which corre-
sponds, respectively, to 6 and 31% of the
maximum incident radiation of the cycle.
When integrating on 16 sensors (0.32 m2)
the square-root of MSEP is between 6.91

(cycle 8 area &num;1) and 129 &mu;mol·m2·s-1 (cycle
2 area &num;2) which corresponds, respectively,
to 5 and 11% of the maximum incident radi-

ation of the cycle.

Sensitivity analysis

The comparison between the simulations
made with different leaf inclination distri-
butions (spherical, erectophile and

planophile) allowed us to test the impor-
tance of this parameter in the Sinoquet and
Bonhomme model. The square-root of
MSEP is less than 2%, the regression slope
is not significantly different from 1 and the
r2 coefficient is 0.99 whatever the sun posi-
tion or the DGR. This shows that the model
is not sensitive to leaf inclination distribu-
tion. Therefore, the spherical distribution
can be used in the description of the tree
structure without increasing simulation
errors.

A leaf dispersion parameter was intro-
duced in each cell containing leaves to test
the sensitivity of the model to the disper-
sion of the foliage elements. The square-
root of MSEP between simulations with ran-
dom or non-random foliages is less than
1.5% whatever the sun position or the DGR;
regression slope and r2 coefficients show
very small differences in transmitted radia-
tion between a random and clumped canopy
(&mu; = 0.8) or between a random or more reg-
ular canopy (&mu; = 1.2). Therefore, the model
is not sensitive to the dispersion of the leaf
area within the cells.

Standard deviation

Examples of maps of standard deviation
computed for each cell are shown in fig-
ure 9.

Standard deviation between 20 and 50%
are only present in the shaded area. The stan-
dard deviation in the shaded area does not
show simple spatial structure. On cycle 8
the standard deviation never reaches 20%. In
the afternoon, the maximum of standard
deviation on the simulated area decreases
with sun height. The maximum standard
deviation of the transmitted radiation simu-
lated in a cell is 50% whatever the sun posi-



tion or DGR. Accordingly, it appears that
the transmitted radiation in the simulated
shaded area is subject to high variation coef-
ficient (standard deviation divided by the
mean simulated transmitted radiation) up to
56%, detrimental to the accuracy of the
model.

DISCUSSION

Variability in radiation available
to the understorey

There are at least two main reasons for spa-
tial variability of radiation available to the
understorey. First, trees may show large
morphological differences. In our experi-
ment leaf area of trees varied from 1.8 to

8.2 m2 while crown width of the largest trees
was twice that of the smallest ones. More-

over, not only total leaf area but also its spa-

tial distribution within the crown influences
transmitted radiation (Oker-Blom, 1986).
The shade of trees with the same total leaf
area but with different distribution could be
different. On the other hand, irradiance dis-
tribution in the shaded understorey (ie, trans-
mitted radiation < 0.9) is uniform whatever
the tree (&chi;2 test, P < 0.05).

Second, radiation variability also exists at
a smaller scale, which defines the fine spa-
tial pattern of light transmission. In the case
of a clear sky, points at the understorey level
may have been exposed to direct radiation or
not according to the gaps within the tree
crown, depending on the location of the phy-
toelements. Irradiance at a given point within
or below a canopy may be treated as a ran-
dom variable (eg, Oker-Blom, 1986) while
the radiation measurement corresponds to
a particular event associated with the ran-
dom variable. The computation of the stan-
dard deviation shows that the variability of



the simulation at the local scale is very high
(up to 50%) in the case of low DGR (ie,
clear sky). On a more cloudy cycle (cycle
8), the spatial pattern of transmitted radiation
does not show any identified structure, as

previously reported by Tang and Washitani
(1995) in a Miscanthus sinensis canopy.
However, the small range of values of trans-
mittance associated with lower incident radi-
ation leads to small variations in the amounts
of PAR received by the understorey.

Modelling spatial variability
of transmitted radiation

From the previous section, it appears that
radiation distribution below young trees
shows large variations for clear sky condi-
tions. In that case, irradiance distribution is
characterized by: i) a high fraction of area
where transmitted radiation is greater than
90% of the incident radiation, ii) a uniform
distribution of the lower irradiances and iii)
a minimum value of transmitted radiation.
The spatial pattern of radiation distribution
is partly defined by the shadow cast by the
trees. Therefore, a light model aimed at sim-
ulating spatial variability in such a tree-grass
system should be able to provide these fea-
tures of the radiation field above the under-

storey.

The Sinoquet and Bonhomme model is
able to simulate the mean transmitted radi-
ation on a 16 m2 area with a maximum error
of 3%. The model correctly simulates the
relative sunlit area and the relative shaded
area and the irradiance frequency in the class
90-100% and the uniform distribution of
radiation in the lower classes. However, the
lower bound of the radiation distribution is

inaccurately simulated in 70% of the studied
cases: when measured transmitted radiation
is less than 40% of the incident radiation,
the model often under- or overestimates the
transmitted radiation. Therefore, if the
shaded area increases with larger trees, the

ability of the model in simulating the irra-
diance distribution would probably decrease.

The spatial distribution of the transmitted
radiation is poorly captured by the model.
The shaded area is globally well located in
the simulated area but the edge of the shaded
area is subject to a large variation and is
sharper in the simulation. This may be due
i) to the wind effect on leaves leading to a
measured transmitted radiation (averaging
over 15 s for each sensor) different from the
simulated one, ii) to small errors on the tree
structure measurements or iii) to the penum-
bra effect, which is not considered in the
model. First, the leaf movements due to the
wind tend to homogenize the transmitted
radiation at the scale of the sensor. Therefore
this should increase the minimum of trans-
mitted radiation measured under the trees
and blur the edge of the shaded area. Second,
small errors in the canopy structure mea-
surement can lead to errors in locating leaf
area in three-dimensional cells, and then to
errors in computing beam extinction, espe-
cially at a small space scale. Third, the
penumbra effect is not taken into account
in the Sinoquet and Bonhomme model
because it involves larger computation time
and memory: in this study, 35 h were nec-
essary to run the model on one area (16 m2)
on a SPARC20 work station with
64 MoRAM. Horn (1971) showed that a
leaf of diameter d involves a total penumbra
for a distance of about 108 d. In the case of
the young wild cherry, the length of a leaf is
56 mm consequently the total penumbra
occurs at 6 m from the leaf. In this study,
the maximum distance between a leaf and
the sensors is 4.2 m so the sensors are only
in partial penumbra. However, the penum-
bra effect also leads to homogenization of
the transmitted radiation and then to an
increase in the minimum transmitted radia-
tion measured at the scale of the sensor.

The deviations between measurement
and simulation by the Sinoquet and Bon-
homme model are important in the shaded



area. The transmitted radiation in a particu-
lar cell in the shaded area cannot be accu-

rately estimated by the model. The accu-
racy is improved when the transmitted
radiation is averaged on a square including
several sensors. This may be due to the

hypothesis used in the model including the
canopy description in three-dimensional
cells: i) the leaf area density is uniformly
distributed within the cell and ii) within a
cell the inclination distribution is constant
and the azimuth random. First, wild cher-
ries have a characteristic structure with
leaves attached to twigs creating clusters of
leaves distributed along the branches. The
size of the three-dimensional cells has been
chosen to fit the cluster, therefore the canopy
structure description used in the model
should correctly account for the aclual leaf
dispersion within the crown. An excessive
clumping could be in allocating the total
leaf area of a twig only to the cell containing
the twig base. However, the sensitivity test
made on the Sinoquet and Bonhomme
model using Nilson’s approach (1971) to
account for a non-random leaf dispersion
suggests that the excessive clumping does
not significantly affect the simulated trans-
mitted radiation. Second, no experimental
data confirm the assumption of a uniform
leaf orientation. Campbell (1986) and
Goudriaan (1988). among many others, have
noted that the extinction coefficient used in
the Beer-Lambert’s law is not very sensitive
to the inclination distribution. The sensivity
test made with the Sinoquet and Bonhomme
model confirms that the transmitted radiation
is not significantly affected by changing the
inclination distribulion.

Finally, the variation coefficient of the
transmitted radiation simulated in a cell
reaches 56% of the incident radiation, which

corresponds to the level of the deviation
between measured and simulated transmit-
ted radiation (square-root of MSEP divided
by the mean transmitted radiation) in the
shaded area. Thus, the comparison between
measurement and simulation cannot give

better results at the scale of the sensor than
is consistent with the above results. The

greatest accuracy is reached when n = 4 or
n = 9 leading to a minimal surface of pre-
diction from 0.08 to 0.18 m2.

A way to improve the simulation of radi-
ation variability may be to use models based
on an explicit description of the canopy
structure, ie, where the location, orientation
and shape of the vegetation elements are
individually taken into account and the radi-
ation field is computed from raytracing tech-
niques (Dauzat and Hautecoeur, 1991; Goel
et al, 1991). But these types of models are
probably difficult to apply to large vegeta-
tion scenes because of requirements in com-
puting time and memory. Moreover, these
models require a detailed canopy structure
description involving tedious field mea-
surements: in this study, 4 man-months were
necessary to describe the eight young trees
at the leaf level.

More simple models could be used at
best to simulate the tree shadow and possi-
bly the radiation distribution in the shaded
area without considering the spatial pattern.
Cohen and Fuchs (1987) considered an
orchard canopy as divided into aggregates
corresponding to groups of leaves. Norman
and Jarvis (1975) proposed a grouping
model applied to a Sitka spruce forest in
which shoots are randomly located within
the confine of a whorl and whorls randomly
located in the horizontal plane. Oker-Blom
and Kellomaki (1983) also used a two-level

grouping approach in a Scots pine stand:
clumping of needles in shoots and shoots
in the tree crown. Such methods could be

applied to the wild cherry trees because
twigs are distributed in cylindrical volumes
around the branches. This will allow easier

canopy structure measurements at the branch

level (length, azimuth and zenith angles,
diameter of the axes) combined with allo-
metric relationships. This has to be tested
for model comparison with the Sinoquet and
Bonhomme model.



CONCLUSION

Large variations in radiation distribution
below young agroforestry trees only
occurred in clear sky conditions. Thus, irra-
diance variability was mostly due to the high
fraction of sunlit area while lower irradi-
ances were uniformly distributed to a lower
bound. The shadow cast by the trees partly
defined the spatial pattern of radiation dis-
tribution whereas the fine spatial pattern
within the tree shadow was random.

The Sinoquet and Bonhomme model cor-
rectly simulated the mean transmitted radi-
ation as well as the irradiance distribution
below the young trees; however, it was

unable to simulate the fine spatial pattern, as
probably most of the models in the litera-
ture, because of the stochastic nature of
transmitted radiation. This suggests that the

temporal distribution of the transmitted radi-
ation, which results from the successive
states of the spatial distribution, also can-
not be simulated. Consequences for plant
growth modelling may be very important
when ecophysiological processes are related
to light duration (eg, photomorphogenesis:
Varlet-Grancher and Gautier, 1995; the
effect of the sunfleck fluctuations on the

understorey photosynthesis: Pearcy et al,
1990).

In fact, most of the primary production
models only need the mean value of trans-
mitted radiation (eg, Monteith’s growth
analysis, 1972). However, the linkage
between the photosynthesis process and radi-
ation interception by the understorey could
be improved by using the radiation distri-
bution rather than the mean value of the
transmitted radiation. Simplifications have
now to be tested to reduce the number of

input parameters, particularly with regard
to the canopy structure description.
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