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Abstract Predicting the temporal and spatial vari-

ability of radiation intensity under wide-spaced tree

stands is required for many applied issues in savan-

nah-like ecosystems, orchards, agroforestry and

urban forestry systems. Numerous authors have

advocated the use of simple light interception models

that approximate the crown shape with ellipsoids.

They have suggested taking into account leaf clump-

ing to improve the efficiency of these simple models,

but this was never assessed. We tested this hypothesis

together with the impact of including predictions of

light interception by woody parts (trunks, branches).

We calibrated and evaluated the model using

cross-validation across eight walnut trees with field

measurements of radiation intensity and spatial

heterogeneity using hemispherical photographs. Leaf-

less trees were efficiently modelled using Wood Area

Density (WAD, m2m-3) for branches and an opaque

cone for the trunk. We introduced a clumping

parameter (l) but this proved inefficient, clumping

being highly variable amongst trees. This results from

the limitations of representing the crown as an

ellipsoid, a procedure too coarse to be improved by

using a clumping parameter. The model proved

efficient to predict the light pattern around an average

tree, but was not fit for simulating the variability of

individual trees. We finally discuss practical recom-

mendations for modelling light competition in inte-

grated agroforestry models simply.

Keywords Light competition � Leaf aggregation �
Agroforestry model � Gap fraction � Hemispherical

photographs

Introduction

Wide-spaced tree stands are characteristics of many

ecosystems (savannah type, opened forests) and agro-

ecosystems (agroforestry, low density orchards, urban

forestry). Predicting the temporal and spatial varia-

tions of radiation intensity under the tree stratum is

often required when working on issues that involve a

living community underneath the trees, such as

understorey in forests, crops in agroforestry or grass

in urban parks. Agroforestry systems are expected to

spread over millions of hectares during the twentyfirst

century in both temperate and tropical countries (Nair

2007; Reisner et al. 2007). Such systems are charac-

terized by a high spatial and temporal heterogeneity,

both above and below the ground (Mulia and Dupraz

2006). The productivity of both trees and the

understorey is highly dependent on resource avail-

ability and competition processes. Growth patterns

are co-limited by several resources simultaneously
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(Kho et al. 2001). In this paper, we will focus on

tree–crop mixtures, as the productivity of the crop

stratum in agroforestry is central to the value of the

system, and should be carefully predicted. However,

the models presented here may be used for any other

kind of wide-spaced trees systems.

Competition for resources in tree-crop systems

evolves dynamically over time. Light competition is

asymmetrical, as trees spread above crops, whereas

competition for below-ground resources is more

symmetrical, with intermixed root systems. The

phenologies of tree and crop species are often

asynchronous, resulting in various patterns of com-

petition from day to day, season to season and year to

year. Modelling these competition processes requires

a daily time step to account for such dynamics.

A model that could predict the productivity of tree-

crop systems should be able to predict both the

competition for resources and the effect of compe-

tition on tree and crop growth at the daily time step.

The amount of photosynthetically active radiation

(PAR) intercepted is crucial for predicting the

productivity of tree and crop species. Predicting light

interception by trees and spatial patterns of ground

irradiance is therefore required in the dynamic

modelling of such systems.

Numerous models have been proposed to simulate

light interception by plant canopies (see Brunner

1998 for a review). They are usually classified

according to the level of complexity of the canopy

architecture. It ranges from simple, horizontally

homogeneous canopies, to complex detailed descrip-

tions at organ scale. Most of them are based on the

turbid medium analogy, applying the Beer’s law to

predict the interception probability of a beam that

crosses the canopy. The hypotheses of Beer’s law in

its initial formulation have been extensively dis-

cussed: (1) leaf size is to be infinitely small, and (2)

leaf area density (LAD, m2 m-3) uniformly and

randomly distributed within the canopy volume

(Sinoquet et al. 2005). Small leaf size assumption

has been shown to have a negligible effect on the

predictions of models for large enough plants

(Thanisawanyangkura et al. 1997). But the uniform

and random hypothesis for leaf area distribution may

lead to an underestimation of mutual shading

between leaves and consequently to overestimations

of the intercepted light (Cohen et al. 1995; Begué

et al. 1996; de Castro and Fetcher 1999).

Tree canopies are clumped at several scales: leaves

are clumped within shoots, shoots within branches

and branches within trees. Two main strategies have

been proposed to account for leaf clumping. A first

strategy consists of keeping a canopy description that

ignores the gaps between trees, but modifies the

attenuation law by introducing correcting parameters

(Nilson 1971; Cohen et al. 1995). This strategy

eliminates the bias of Beer’s law, but is inadequate

to predict the heterogeneity of PAR transmittance

below trees, because canopy geometry is not

described explicitly. It has been extensively used in

dense forest stands for indirect estimates of the Leaf

Area Index (LAI) by gap fraction inversion methods

(e.g. Chen 1996). A second strategy consists of using

a finer canopy geometry description. The canopy may

be divided either in subvolumes corresponding to

individual trees, such as ellipsoids (Norman and

Welles 1983; Bartelink 1998; Martens et al. 2000),

paraboloids (Courbaud et al. 2003), more complex

shapes (e.g. Cescatti 1997a), eventually divided again

in subvolumes (Mariscal et al. 2000) or voxels

(Knyazikhin et al. 1996; de Castro and Fetcher

1998; Sinoquet et al. 2005). Leaf area distribution

within subvolumes may be considered uniform or

described by statistical functions (Wang and Jarvis

1990; Cescatti 1997a). Finally, some light models use

an explicit stand description at scale of shoot or leaf

(Dauzat et al. 2001; Mialet-Serra et al. 2001; Casella

and Sinoquet 2007; Lamanda et al. 2008). The finer

the level of canopy description is, the better the

predictions of the models (Sinoquet et al. 2005). But

both computation time and the number of input

parameters increase dramatically (Mialet-Serra et al.

2001; Roupsard et al. 2008). This is not compatible

with dynamic models designed for simulations over

long periods of time and applied to a large number of

species.

Separation between tree crowns usually is the

main source of clumping (Bartelink 1998; Nilson

1999), and most light models for forest, orchard or

agroforestry stands use a stand geometry description

at the scale of individual trees. Each tree crown is

represented by a volume assimilated to a turbid

medium. This description level provides accurate

predictions of transmitted light repartition at a daily

time step (Norman and Welles 1983; Bartelink 1998;

Mariscal et al. 2000, 2004). The transmittance of tree

crowns in such models may be simulated either by a
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porosity coefficient (Oyarzun et al. 2007) or by using

Beer’s law (e.g. Norman and Welles 1983; Courbaud

et al. 2003; Zhao et al. 2003): I ¼ I0 expð�kLÞ where

I0 and I are light intensity before and after crown

crossing, L the path length within tree crown, and

k the extinction coefficient. k may be estimated from

experimental data (Zhao et al. 2003) or approximated

as a function of leaf area density, leaf angle

distribution and the optical properties of leaves.

Sensitivity analyses have shown that the predictions

of such models are sensitive to k (Stadt and Lieffers

2000; Zhao et al. 2003) or to the porosity parameter

(Oyarzun et al. 2007).

A canopy description at the scale of individual

trees explicitly accounts for leaf clumping in discrete

tree crowns. It generally assumes a random disper-

sion of leaves within the crown. However, simple

geometrical shapes are very rough approximations of

real tree shapes, and leaves are clustered within

shoots (Cohen et al. 1995; Falster and Welstoby,

2003). In some cases the effective leaf area density or

the extinction coefficient of tree crowns may be

estimated using optical methods (Zhao et al. 2003;

Annandale et al. 2004), implicitly accounting for leaf

clumping. In other cases, leaf area is estimated by

destructive (Mariscal et al. 2000; Stadt and Lieffers

2000) or allometric methods (Cescatti 1997b; Brun-

ner 1998), and the random hypothesis may lead to

discrepancy between model predictions and experi-

mental data (Mariscal et al. 2000).

The light interception by branches and trunks is

usually ignored by forest or orchard tree growth

models (but see Brunner 1998). It has no direct

impact on tree growth: shading on tree leaves caused

by ligneous parts of the tree is assumed to be

negligible. But when the model is expected to predict

light availability for the understorey, light intercep-

tion by the opaque ligneous parts of trees may

become significant. This is particularly crucial in

temperate agroforestry comporting deciduous tree

species. In these systems, many crops grow at times

of the year when the tree is leafless (Dupraz and

Newman 1997).

We have designed a model for light availability that

will later be embedded in a dynamic biophysical

model of agroforestry stands that should manage trees

and crops growth at the daily time step, and integrate

competition for light, water and nitrogen . This light

model should meet the two following expectations:

(i) a description of the shape and size of the crowns that

is easy to parameterize, and (ii) fast computation speed

to allow for simulating multiple trees concurrently for

the whole life of the trees (century time scale). This

model was inspired by the Mountain model (Courbaud

et al. 2003), a ray-tracing model that uses ellipsoids or

paraboloids for a simple crown description. We intend

to evaluate the potential for an increased model

accuracy through the introduction of simple formal-

isms, with a negligible impact on computation time.

We explored four strategies: (1) the explicit compu-

tation of light interception by tree stems, (2) introduc-

ing wood area density (WAD, m2m-3) to account for

light interception due to branches, (3) introducing an

explicit leaf angle distribution in place of the spherical

assumption; and (4) introducing a clumping coefficient

(l) at the scale of an individual tree crown. We propose

a gap-fraction inversion method to estimate parame-

ters l and WAD. This method was applied to eight

hybrid walnuts from two temperate agroforestry

systems located in the South of France. We will

discuss the relevance of the formalisms introduced by

comparing the model’s predictions for the shaded-

fraction of sky (complementary to the gap-fraction) to

estimates obtained with hemispherical photographs.

The sensitivity of the model to l and WAD is

analyzed.

Materials and methods

Light competition model

Simplified stand description

The model computes daily light repartition within a

rectangular plot divided in square cells. The plot may

have a slope of any steepness or aspect. Each cell

may host a crop, a tree, or both. Crops are assumed to

be homogeneous across a cell. They are modelled

using the crop model STICS (Brisson et al. 1998).

The tree canopy is described at the scale of an

individual tree: each crown is represented by an

ellipsoid filled with foliage and considered a turbid

medium.

Light models often use a torus approach to avoid

artificial edge effects (Courbaud et al. 2003). The

modelled plot is virtually replicated towards infinity
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in all directions. This allows the simulation of an

infinite tree stand. For this study, we needed to

simulate an isolated tree. We designed an optional

toric symmetry algorithm that permits ‘‘switching

off’’ toric symmetry, either for the positive and/or

negative side of both x- and/or y-axis. Replicates may

either contain trees or not (Fig. 1a). This allows the

simulation of a single tree, a hedgerow, a tree stand or

the edge of a tree stand (Fig. 1b).

Incident radiation

Daily incident radiation is simulated by a finite

number of beams coming from evenly distributed

directions of the sky hemisphere. Each direction X is

defined by an elevation h and an azimuth a, and

accounts for a sector of the sky vault. Daily incident

radiation is shared between these sectors. Incident

PAR is divided between direct and diffuse radiation

using standard relationships (Bonhomme 1993). The

light module predicts the % of incoming energy

intercepted or transmitted and absolute values can be

computed on a daily basis by applying these propor-

tions to the absolute values of incoming energy.

Diffuse radiation is shared between sections of the

sky either uniformly (UOC Uniform OverCast sky

radiance distribution) or according to the Standard

OverCast sky (SOC, Moon and Spencer 1942). The

position of the sun is computed at regular time steps

using classical astronomic laws (Bonhomme 1993).

For each position of the sun, direct radiation is

allocated between the different sectors proportionally

to the intersection area with a sector of equal solid

angle centered on the sun position.

Ray-tracing method

A beam of light is calculated for each sky sector and

each cell. The length of the beam’s path (L) is

calculated through each tree crown (see Norman and

Welles 1983; Bartelink 1998; Martens et al. 2000 for

details) after an optimization procedure that selects

trees potentially intercepting the beam (Courbaud

et al. 2003). In cases where the dimensions of a cell

are large in comparison with the size of the tree, the

spatial resolution of the model is increased by

computing several beams per cell. Relative beam

energy is decremented when it passes through crowns

according to the law of attenuation. Results can then

be integrated to the sky vault, to compute the daily

light interception of each tree. Trunks were repre-

sented as opaque cones with a diameter DBH

(Diameter at Breast Height) at 1.3 m height and a

diameter of 0 at tree height.

There are two options available for modelling light

interception by crops: (i) PAR transmittance below

tree canopy is sky integrated and light interception by

crops computed with a simple Beer’s law as in

a b

Fig. 1 Principle of the algorithm for optional toric symmetry.

a in all cases, the simulated plot is replicated to avoid below-

ground edge effects (toric symmetry), but the replicates may be

either identical to the simulated plot (1) or void (2). b
depending on the options for toric symmetry, the model can

simulate an infinite stand (1, all replicates filled), a hedgerow

(2, y-replicates filled), the edge of a tree stand (3, y and

x-positive replicates filled) or a single tree (4, all replicates

void)
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conventional crop models (see Brisson et al. 1998),

or (ii) competition for light between neighbour crops

is accounted for by extending the ray-tracing method

to crops represented by parallelepipeds. This is useful

when neighbour crops have different heights.

A law for radiation interception by tree crowns

The transmittance of tree crowns is traditionally

computed according to the turbid-medium analogy.

We have introduced two corrections to account for leaf

clumping and interception by branches. With a given

ray and a given tree, gap fraction is calculated as:

exp �ðGðXÞlLAD þWAD)Lð Þ ð1Þ
GðXÞ is the projection factor of leaf area in

direction X (unitless), l the clumping coefficient

(unitless), LAD and WAD the leaf and wood area

density (m2 m-3), and L the length of the ray’s path

across the tree crown (m). We tested two options with

the GðXÞ function: a spherical leaf angle distribution

as assumed in most light models, so that GðXÞ ¼ 0:5

in all directions, and an explicit leaf angle distribu-

tion computed from measurements by Parveaud et al.

(2008). A clumping coefficient below 1, equal to 1 or

above 1 indicates a clumped, random or regular

distribution of leaves inside the canopy volume

respectively.

According to Goudriaan’s approximation (1977)

accounting for light scattering by leaves, the propor-

tion of transmitted PAR is enunciated thus:

I

I0

¼ exp �ðGðXÞl
ffiffiffi

r
p

LADþWADÞL
� �

ð2Þ

with r the leaf absorptance in PAR wavelength

(unitless). Because the reflectance of branches and

leaves is low for PAR radiation, intercepted light is

considered to be complementary to transmitted light.

The intercepted light is then shared between branches

(with no impact on tree growth) and leaves (used for

photosynthesis): we assumed that the shade of

branches on tree leaves is negligible, the amount of

PAR intercepted by leaves is thus given by Eq. 2 with

WAD = 0. The clumping coefficient l accounts for

clumping within tree crown, i.e. leaf clumping within

shoots and shoot clumping within tree crown.

Clumping between separated tree crowns is imposed

by the position and size of the trees on the plot, and

by the procedure that calculates the size of ellipsoids.

Therefore, l depends on the procedure used to define

the ellipsoids that represent tree crowns.

Optimizing the triggering of the light model

The light model is a very time consuming module of

the integrated tree-crop simulation model. To reduce

computation time, the module is not triggered every

day, but only when either sun declination or leaf area

of trees have changed significantly. In practice, with a

2� threshold for sun declination and a 5% threshold

for either tree height, tree leaf area, crop height or

crop leaf area, the ray-tracing method is called about

70–80 times a year.

Field estimation of the clumping index and wood

area density

Tree measurements and ellipsoid calibration

We monitored eight hybrid walnut trees (Juglans

nigra x regia NJ201), selected from two different

sites (Table 1). Four trees were located in the

experimental agroforestry fields at Restinclières

(South of France, 43�420N, 3� 510E, 54 m elevation),

the four others in an agroforestry plot at Notre-Dame-

de-Londres (South of France, 43�490N, 3�460E, 160 m

elevation). We selected walnut trees of various sizes

(from 3.6 to 10.5 m height) and either pruned up to

about 30% of total tree height or unpruned. We

selected isolated trees for a simplified interpretation

of hemispherical photographs.

For each tree, we measured the total height (zmax),

the height of the lower leaf (zmin), and the (x, y) coor-

dinates of the farthest leaves from the tree trunk in the

four cardinal directions (xmin,ymin,xmax,ymax). We used

a simple method to define an ellipsoid from these

measures (Villalobos et al. 1995): ellipsoid center

coordinates are i = (imax ? imin)/2 and radius are

ri = (imax - imin)/2, with i = x, y or z.

The leaf area of each tree was measured by

harvesting leaves during leaf fall in October 2007.

To obtain a complete gathering of tree leaves, we

wrapped the trees in nets with a small mesh size

before the start of leaf fall (Fig. 2), providing a

measure of total leaf dry weight (W). Specific leaf

area (SLA, cm2 g-1) and the proportion of leaflets to

the total leaf dry weight were measured prior to leaf

fall in August 2007. For each tree, we sampled leaves
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from the top, middle and bottom of the crown (only top

and bottom for small trees), and from inside and

outside the crown. Sixty leaves were collected for each

tree and pinched for three 1 cm2 round limb samples

per leaf (from the distal and intermediate leaflets). The

samples were oven-dried to measure the SLA of

limbs. Total leaf dry-weight and rachis dry-weight

were measured and used to compute the proportion

(pl) of leaflets in the leaf dry weight. This allowed

us to compute the leaf area (LA) of trees as: LA =

SLA.pl.W.

Using hemispherical photographs to compute the gap

fraction at the cell level

We shot 24 (16 for small trees) hemispherical

photographs evenly distributed around each tree

(Fig. 3) both in late summer (with maximal leaf area)

and winter (without leaves). Neighbouring trees were

erased from photographs with the Gimp software

(http://www.gimp.org). The photographs were then

analyzed with the Gap Light Analyser software

(Frazer et al. 1999) to calculate the proportion Pobs of

sky obscured by the tree. Because of the difficulty for

separating the different trees close to the skyline, we

didn’t consider elevations lower than 16�.

Parameter estimation

The parameters estimation was achieved with the R

statistical software (http://www.r-project.org). N =

6660 sky sectors were created at regular azimuth and

elevation intervals on the sky vault with an angle

Table 1 Description of the monitored trees: general descrip-

tion: diameter at breast height (DBH); ellipsoid dimensions:

coordinates of ellipsoid center relatively to plantation point (x,

y, z), ellipsoid radii (rx, ry, rz) and volume (V); results from

leaf area measurements: average specific leaf area (SLA),

leaflet to leaf dry weight proportion (pl), total leaf dry weight

(W), total leaf area (LA) and leaf area density (LAD)

General description Ellipsoid dimensions Leaves

Tree

name

Pruning Height

(m)

DBH

(cm)

(x, y, z) (m) (rx, ry, rz)

(m)

SLA

(cm2 g-1)

pl

(–)

W (kg) LA

(m2)

LAD

(m2 m-3)

R1 No 8.2 18 (0.1, 0.13, 4.1) (3.8, 3.7, 4.1) 98 0.80 24.5 194 0.79

R2 Yes 10.5 18.3 (- 0.2, - 1, 7) (3.7, 2.7, 3.5) 115 0.75 13 112 0.76

R3 Yes 9.8 18.5 (0.1, 0, 6.4) (2.9, 2.2, 3.4) 114 0.75 10.2 87 0.94

R4 No 8.4 14.2 (0.0, - 0.2, 4.6) (3, 2.8, 3.8) 125 0.81 10.2 103 0.78

N1 No 3.6 7.3 (0.2, - 0.1, 2.4) (1.4, 1.3, 1.2) 120 0.79 2 20 2.24

N2 No 3.8 7.6 (0.2, - 0.2, 2.7) (1.5, 1.4, 1.1) 120 0.84 1.9 17 1.77

N3 Yes 8.3 21.1 (0.6, 0.8, 5.6) (2.9, 3.1, 2.8) 100 0.74 18.8 140 1.34

N4 Yes 7.2 17.7 (- 0.1, 0.5, 4.6) (2.7, 2.4, 2.5) 95 0.75 11.8 77 1.15

R Restinclières, NDL Notres Dame de Londres

Fig. 2 Trees were wrapped for leaf litter gathering using a

mobile crane for tall trees
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step of 2�, but excluding elevations under 16�.

According to the law for attenuation mentioned

above (Eq. 1), for each section of sky i , the simulated

shaded fraction writes:

Piðl;WADÞ ¼ 1� exp �ðGðXÞlLAD þWADÞLið Þ
ð3Þ

With Li the length of the path across the tree

ellipsoid of the ray coming from the sky sector i and

hitting the photograph position. The simulated shaded

fraction of a whole photograph is then:

Psimðl;WADÞ ¼
X

N

i¼1

wiPiðl;WADÞ ð4Þ

with wi the proportion of pixels on photographs

situated in sector i.

Parameters were estimated with a non linear least-

square regression (algorithm ‘‘nl2sol’’ of the PORT

library—see http://www.netlib.org/port/-implemented

in the nls R method) for minimizing the sum of the

deviations:

Sðl;WADÞ ¼
X

seasons
trees

photographs

ðPsimðl;WADÞ � PobsÞ2 ð5Þ

WAD was first estimated from winter photographs

(LAD = 0), then l was estimated from summer

photographs.

Evaluation of the model for predicting the shaded

fraction by cross-validation

The model was evaluated by computing different

indices of concordance between simulated and

observed (hemispherical photographs) values for the

shaded fraction P: relative bias (rB), root mean

squared relative error of prediction (RMSrE) and

model efficiency (EF), as given by equations:

rB ¼ Psim � Pobs

P
obs

ð6Þ

RMSrE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Psim � Pobs

Pobs

� �2

s

ð7Þ

EF ¼ 1�
P

Psim � Pobs
� �2

P

Pobs � Pobs

� �2
ð8Þ

The efficiency provides information about the

predictive power of the model relatively to the mean

of the observations. When it is computed from

several photographs of a same tree, it evaluates the

model ability to reproduce the spatial variability of

P around this tree. When it is computed from

several trees, it evaluates also the model for capturing

differences in P for trees of different size, shape and

LAD.

To provide unbiased estimators of the indices, we

used the cross-validation principles: for each tree,

the model is parameterized with data from all the

other trees. Summer (leafy canopies) and winter

(only branches) model performances were evaluated

separately.

In order to test the relevance of introducing new

processes (leaf clumping, light interception by

branches) we compared the model performances with

and without these processes included.

Sensitivity analysis

We explored the model sensitivity to parameters l and

WAD with two virtual walnut trees, a small (5m high,

rx = ry = 1.9 m, rz = 1.8 m, LAD = 1.5 m2 m-3)

and a large one (15 m high, rx = ry = 4.5 m,

rz = 5.6 m, LAD = 0.51 m2 m-3). For each tree size,

a high density plot (123 tree ha-1, 9 m between trees)

and a low density plot (44 tree ha-1, 15 m between

1
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Fig. 3 Hemispherical photographs positions around trees. For

all photographs, z-coordinate is 90 cm high. For the small trees

N1 and N2, we limited the protocol to photographs 1–16
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trees) were tested. The torus symmetry algorithm was

fully activated for these simulations. We ran one year

simulations with a typical phenology cycle for walnut

trees: budburst on April 15th, and the end of leaf fall on

November 15th. Climatic data from Restinclières, year

1997 were used, with a SOC partition for diffuse

radiation. We realized simulations with l ranging

from 20 to 200% of the estimated value with a 20%

step, and WAD from 0 (no branches) to 200% of the

estimated value with a 20% step.

The incident PAR above the canopy is divided into

three parts by the light model: PAR intercepted by

tree leaves, PAR intercepted by branches and trunks,

and PAR transmitted under the tree canopy. The

analyzed outputs were the light capture efficiency of

tree leaves, and the mean PAR transmittance below

the leafy (8/3 to 23/11) or leafless (rest of the year)

canopy. The light capture efficiency was computed as

e ¼ PARint=ðPARincLAÞ where PARint is the PAR

radiation intercepted by tree leaves over the year and

PARinc the PAR incident on a unit horizontal surface

above the canopy. e is similar to the STAR (Silhou-

ette to Total Area Ratio integrated over sky vault)

frequently used for isolated trees (Sinoquet et al.

2007), but integrates rediffusion (with Goudriaan’s

approximation) and shading between trees. The light

capture efficiency has no unit, but may be expressed

in m2 m-2: an efficiency of 1 signifies that 1 m2 of

leaf area intercepts as much PAR as a 1 m2 plane

surface laying on the soil.

We studied the sensitivity of the model for three

outputs: light capture efficiency and the summer and

winter PAR transmittances. We computed their

elasticity to parameters at the point defined by the

nominal values for l and WAD (l = 0.76 and

WAD = 0.026) obtained after parametrization with

an explicit interception by trunks and a spherical leaf

angle distribution. The elasticity is defined as the

ratio of the relative change in the output to the

relative change in a parameter.

Results

Ellipsoid calibration

The routine for adjusting an ellipsoid to the moni-

tored trees proved to be very easy and convenient.

The center of the ellipsoids was not aligned with the

trunk position for most trees (x or y different from 0),

indicating asymmetrical crowns (Table 1). Small

trees had very high LAD compared to large trees.

For the large trees, there was no substantial relation-

ship between the pruning regime and the LAD. We

could have expected the opposite, as pruning results

in irregular canopies with large empty areas inside

the ellipsoid.

Parameters estimation

Estimates of the wood area density

When the interception by trunks was not explicitly

computed, the estimated wood area density accounted

for both trunks and branches, and ranged from

0.023 m2 m-3 for tree R2 to 0.059 m2 m-3 for tree

N3 (Table 2). When accounting for trunks, WAD

ranged from 0.014 to 0.036.

Estimates of the clumping coefficient

Under the spherical assumption for leaf angle distri-

bution, the two trees that were never pruned (R1 and

R4) showed radically different behaviours (Table 2):

tree R1 had a clear foliage clumping (l = 0.56)

whereas tree R4 seemed to have a very regular leaf

distribution (l = 4.90). However, these trees had

very low-hanging branches that caused two problems

in the analysis of hemispherical photographs: (i) the

gap fraction values measured from photographs with

tree leaves very close to the camera are unstable and

unreliable: a leaflet close to the camera will obscure a

large amount of the sky vault. Using these pictures

for estimating the clumping coefficient leads to

artificially high and unstable values for l; (ii) for

such unpruned trees, the silhouettes of neighbour

trees are intimately mixed with the silhouette of the

studied tree, leading to an additional uncertainty in

the relationship between the estimated proportion of

sky obscured on photographs and the distance from

the tree.

The first problem explained that the very high l
observed for tree R4 was not significantly different

from 1. The high apparent foliage clumping for tree

R1 also resulted from an additional artifact: very low-

hanging branches of this tree led to the parameter-

ization of an ellipsoid touching the soil (Table 1). As
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a consequence, some photographs were shot from

locations that laid inside the adjusted ellipsoid. For

these photographs, all rays in the model are inter-

cepted by the tree, leading to a more than 90% shaded

fraction under the no clumping hypothesis, whereas

picture analysis leads to values ranging from 65 to

85%. This resulted in the estimation of a very low and

unreliable clumping coefficient.

For these reasons, the two unpruned trees R1 and

R4 were not used for cross validation and evaluation

of the model.

The clumping coefficient estimated with the other

trees ranged from 0.47 (tree N1) to 1.15 (tree N3)

with the spherical leaf angle distribution, and from

0.32 to 0.81 with the explicit leaf angle distribution.

In both cases, the large pruned trees (R3, N3, N4 and

R2) had a larger l than small trees (N1 and N2),

suggesting a more regular leaf distribution.

Model evaluation

Predicting the shaded fraction under leafless trees

By construction, the null model (without trunks nor

branches) is unable to predict any sky mask by leafless

trees. Accounting for light interception by trunks only

was not sufficient for predicting the shaded fraction

P under leafless trees (Table 3a). Estimating WAD

Table 2 Estimated values and confidence intervals for l and WAD

Tree Estimation of WAD (m2 m-3) Estimation of l after computation of WAD with trunks

Without trunks With trunks Spherical GðXÞ Explicit GðXÞ

R1 0.023 ± 0.002 0.020 ± 0.002 0.56 ± 0.11 0.39 ± 0.11

R2 0.036 ± 0.006 0.014 ± 0.001 0.80 ± 0.05 0.52 ± 0.03

R3 0.045 ± 0.006 0.017 ± 0.002 0.99 ± 0.14 0.65 ± 0.09

R4 0.039 ± 0.003 0.033 ± 0.003 4.90 ± NA 3.42 ± NA

N1 0.048 ± 0.002 0.030 ± 0.002 0.47 ± 0.03 0.32 ± 0.03

N2 0.049 ± 0.004 0.027 ± 0.003 0.53 ± 0.06 0.35 ± 0.04

N3 0.059 ± 0.006 0.036 ± 0.003 1.15 ± 0.23 0.76 ± 0.15

N4 0.048 ± 0.005 0.029 ± 0.003 1.21 ± 0.16 0.81 ± 0.10

All trees but R1 and R4 0.048 ± 0.003 0.026 ± 0.002 0.76 ± 0.06 0.50 ± 0.04

The parameters were estimated from least square regression from winter photographs for WAD and summer photographs for l.

Parameters were either estimated from photographs taken under one tree or from all photographs excepted those from trees R1 and

R4. For tree R4, the confidence interval of the very large value of l was not computable by the R nls method

Table 3 Model evaluation with leafless trees: comparing the predicted shaded fraction P with hemispherical photographs

Tree a b c d

rB (%) RMSrE (%) EF rB (%) RMSrE (%) EF rB (%) RMSrE (%) EF rB (%) RMSrE (%) EF

R2 46 48 &0 ns -61 0.76 -49 52 0.06 -2 9 0.95

R3 45 48 \0 6 -25 0.47 -27 34 0.61 -1 16 0.90

N1 72 74 \0 -27 -5 0.11 -16 22 0.92 6 16 0.97

N2 66 69 \0 -26 -8 0.23 8 19 0.90 5 18 0.91

N3 66 67 \0 10 15 0.23 22 24 0.49 -2 11 0.90

N4 66 67 \0 14 -12 0.26 7 11 0.91 -2 9 0.95

All 59 62 \0 -1 -17 0.43 -6 31 0.75 ns 13 0.95

(a) Model accounting for trunks only. (b) Interception by trunks was not explicitly computed, WAD was estimated from 5 trees and

model evaluated on the 6th. (c) Model accounting for trunks, WAD was estimated from 5 trees and model evaluated on the 6th.

(d) Model accounting for trunk, WAD was estimated from 1 tree and model evaluated on the same tree. rB, RMSrE and EF are the

relative bias (Eq. 6), the root mean squared relative error (Eq. 7), and the model efficiency (Eq. 8)

ns signifies smaller than 0.5%
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and evaluating the model on the same tree (Table 3d)

informs about the best prediction that is attainable for

each tree without changing the model formalisms

(ellipsoids for tree crowns, cones for trunks). For all

trees, our model can predict P with a small bias

(rB \ 6%) and a greater than 0.9 efficiency.

When the wood area density was estimated from

other trees (cross validation), the explicit interception

by conical trunks improved the model performances

for all trees (Table 3b vs. c), reducing the bias

(rB = 6%) and improving the efficiency (EF = 0.75,

see Fig. 4) on the whole dataset (all trees). However,

the model was poorly performant when evaluated on

individual trees: P was for example under-estimated

by 49% for tree R2 while it was over-estimated by

22% for tree N3.

Predicting the shaded fraction by leafy trees

Introducing light interception by branches and stems

had very few effects on model evaluation under leafy

trees (results not shown). Global predictions (on all

trees) of the model without clumping (l = 1) and a

spherical GðXÞ showed good agreement between

observed (Pobs) and simulated (Psim) shaded fractions

(Table 4a), with a 11% relative bias and an efficiency

of 0.74. However tall and small trees behaved

differently: the model gave proper estimates for tall

trees (R2, R3, N3 and N4)—the relative bias was low

with 1% underestimations to 9% overestimations, the

RMSrE was about 10% and the model efficiency

exceeded 0.7—while the shaded fraction was over-

estimated by more than 30% for small trees (N1 and

N2), resulting in a poor predictive power (EF \ 0).

The model with an explicit leaf angle distribution

and no leaf clumping largely overestimated P for all

trees, and the details of its evaluation are not

presented. When l was estimated and the model

used on the same tree (Table 4d with the explicit leaf

angle distribution; note that the spherical leaf angle

distribution gave very similar results), predictions of

P were not biased and very efficient (EF [ 0.8) for

all trees, showing that our formalism is able to

reproduce the spatial variability of P under individual

trees. However, the value of RMSrE (about 10%)

suggests that using simple ellipsoids does not allow a

good reproduction of all the variability observed with

hemispherical photographs.

Introducing an average clumping coefficient

deduced from other trees increased little the model

performance (Table 4b,c), whatever the assumption

for the leaf angle distribution was. The overestima-

tion of P was reduced from 11% to less than 1%, but

efficiency was unchanged and RMSrE little reduced.

These results indicate that while introducing a

clumping coefficient could theoretically increase the

model accuracy, this may not prove correct. This

coefficient was too variable between trees and using

a single average value was not efficient to increase

the model performances. We finally will use the

leafy trees leafless trees
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Fig. 4 Simulated versus observed shaded fraction P on

hemispherical photographs, with the model including light

interception by trunk, and both parameters l and WAD

estimated from all trees, leaf angle distribution was kept

spherical. Each point represents an hemispherical photograph,

with symbols ^, D, ?, 9 , � and r for trees R2, R3, N1, N2,

N3 and N4 respectively
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value l = 0.76 estimated from all trees under the

spherical leaf angle distribution assumption as a

reference for the sensitivity analysis. Predicted versus

observed values for the shaded fraction are plotted in

Fig. 4.

Sensitivity analysis

Light capture efficiency of trees

The light capture efficiency e of trees provides

information about the sum of self-shading within

trees and light competition between trees (Fig. 5a). In

the low density plot (15 9 15 m), e was similar for

large and small trees, indicating similar self-shading

rates: the crown size of large trees is compensated by a

lower leaf area density. e is little affected by light

competition in the high density plot for small trees

(-3%) while it is reduced by 20% for large trees.

Light capture efficiency is very sensitive to l
(Table 5), with elasticities ranging from 0.42 to

0.51, but insensitive to WAD. Even for large trees

in the high density plot, the elasticity of WAD is only

-0.02, indicating that modelling light interception by

branches is useless when focussing on light intercep-

tion by leafy trees.

PAR transmittance under leafy trees

Whatever the values for l and WAD, the amount of

PAR intercepted on the large plot by small trees in

our simulations was little compared to the total PAR

incident, so that the PAR transmittance on the plot

remained close to 1 (Fig. 5b) and was little sensitive

to l and WAD (Table 5). For large trees, the PAR

transmittance was reduced and more sensitive to l,

with elasticities of 0.18 and 0.76 for trees planted at

15 and 9 m spacing respectively. WAD values can

affect the PAR transmittance under large trees, but

sensitivity to WAD remained negligible relatively to

sensitivity to l.

PAR transmittance under leafless trees

PAR interception by leafless small trees was negli-

gible at the plot level, whatever the plot density and

the parameters values (Fig. 5c): less than 3% of

incident PAR were intercepted by trees. On the

contrary, branches and trunks of large trees inter-

cepted 12 and 29% of the incident PAR and had

elasticities of -0.28 and -0.10 (Table 5) in the low

and high density plots respectively.

Discussion

Should we account for light interception

by branches and stems?

The sensitivity analysis showed that accounting for

light interception by woody elements had a negligible

effect on the predicted light capture efficiency and

transmittance for leafy trees. This is consistent with

the fact that it is neglected by most simple light

Table 4 Model evaluation under leafy trees: comparing the predicted shaded fraction P with hemispherical photographs

Tree a b c d

rB (%) RMSrE (%) EF rB (%) RMSrE (%) EF rB (%) RMSrE (%) EF rB (%) RMSrE (%) EF

R2 -9 11 0.7 ns 6 0.90 1 6 0.90 -1 6 0.90

R3 -3 10 0.84 6 10 0.72 6 10 0.74 -2 10 0.84

N1 -33 35 \0 -27 29 0.30 -25 27 0.37 04 10 0.96

N2 -38 41 \0 -26 31 0.34 -25 29 0.35 ns 12 0.89

N3 1 8 0.89 10 12 0.68 9 12 0.70 -1 8 0.90

N4 1 8 0.92 14 16 0.63 14 16 0.65 -3 8 0.95

all -11 21 0.74 -1 18 0.73 ns 17 0.74 ns 9 0.96

(a) Spherical leaf angle distribution, no leaf clumping (l = 1). (b) Spherical leaf angle distribution, l estimated from 5 trees and

model evaluated on the sixth. (c) Explicit leaf angle distribution, l estimated from 5 trees and model evaluated on the sixth. (d)

Explicit leaf angle distribution, l estimated from 1 tree and model evaluated on the same tree. In all cases, the model included

interception by trunks (approximated as opaque cones) and branches (WAD = 0.026 m2 m-3)

ns signifies smaller than 0.5 %
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models designed for forest or orchard stands (Zhao

et al. 2003; Oyarzun et al. 2007). However, in the

case of agroforestry systems with phenological lags

between deciduous trees and winter crop species, the

prediction of light availability under a leafless tree

canopy is important. According to our simulations, in

a stand of 15 m tall walnut trees at 156 trees ha-1,

winter PAR transmittance is reduced by 29% by

leafless trees (Fig. 5). Such a reduction in PAR

availability can reduce drastically the crop produc-

tivity (Li et al. 2008), as winter radiation levels are

already very low. This impact was never cited in the

agroforestry literature nor included in agroforestry

light models.

When the model was evaluated on the whole

dataset of hemispherical pictures for all the trees, we
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Fig. 5 Sensitivity of three

model outputs to

parameters l and WAD for

small (5m high,

rx = ry = 1.9 m,

rz = 1.8 m, LAD = 1.5) or

large (15m high,

rx = ry = 4.5m, rz = 5.6m,

LAD = 0.51) trees planted

at 9m or 15m spacing.

a Light capture efficiency

(e, averaged over the leafy

period). b PAR

transmittance under leafy

trees. c PAR transmittance

under leafless trees (only to

the wood area density

WAD). The PAR

transmittance was averaged

over the simulated plot and

during the leafy (from 15/04

to 15/11) or leafless (rest of

the year) period

Table 5 Elasticity of the model predictions to parameters l and WAD for model predictions

Analysed output Parameter Large trees Small trees

9 m 15 m 9 m 15 m

Light capture efficiency l 0.42 0.50 0.50 0.51

WAD -0.02 -0.01 ns ns

Summer PAR transmittance l -0.76 -0.18 -0.07 -0.02

WAD -0.14 -0.03 ns ns

Winter PAR transmittance WAD -0.28 -0.10 -0.01 ns

Elasticities are computed at the parameter values estimated from all trees for the model accounting for trunks and assuming a

spherical leaf angle distribution (l = 0.76, WAD = 0.026)

ns signifies lower than 0.005
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obtained unbiased and efficient predictions (Table 3c,

Fig. 4) of the proportion P of sky obscured by leafless

trees by introducing a wood area density parameter

estimated from other trees, and by using a simple

description of stems by cones as proposed by Brunner

(1998). This was validated with hemispherical pho-

tographs data. The model is thus able to globally

reproduce the spatial pattern of irradiance at ground

level for various tree sizes. However, the poor

performances of the model when evaluated on

individual trees indicated that an average wood area

density cannot reproduce the effects of architectural

specificities of trees. The model can only be used to

predict the average shade pattern under an average

tree, but this is what is usually expected from an

agroforestry model.

Should we take leaf clumping within crown

into account?

The clumping coefficient, when estimated at the

single shoot scale, may be related to botanical

parameters (Falster and Welstoby 2003). When it is

estimated at larger scales, it integrates different levels

of clumping that may compensate. In our study case,

it included the clumping at shoot and tree scale,

clumping at stand scale being explicitly taken into

account by modelling the crowns of individual trees.

Parveaud et al. (2008) checked the influence of the

random leaf area distribution (l = 1) hypothesis at

different scales on light interception with 3D detailed

mock-ups of young hybrid walnuts describing the

trees at the leaf scale. They concluded that the

random hypothesis held at the shoot scale, but led to

an over-estimation of the intercepted light at the

branch or the whole crown scale. They also showed

that using a spherical leaf angle distribution led to an

under-estimation of the intercepted light. Our results

indicate that the issue is more complicated when the

trees are approximated by simple ellipsoids, the l
estimate being dependent from the procedure to

adjust the ellipsoid.

Light models that simplify tree canopies with

simple volumes such as cones, cylinders or ellipsoids

are sensitive to the procedure to adjust these volumes

and to their optical parameters (Stadt and Lieffers

2000; Zhao et al. 2003; Mõttus et al. 2006). Trees

have inherently a complex shape, and numerous

geometric shapes and calibration procedures can

approximate a real tree canopy shape. For a stand

of young grey alders (Alnus incana) approximated by

ellipsoids, Mõttus et al. (2006) concluded that the

optimal calibration procedure for modelling light

transmittance should end up with ellipsoids including

95% of the leaves. This conclusion was obtained with

3D mock-ups of the trees and involved heavy

workload. Therefore, it is not advisable as an easy

parameterization procedure of ellipsoids. In this

paper, we explored a simpler procedure, easy to

reproduce, and requiring only few input data. All

state variables used by the model to describe the tree

canopy depend on this procedure, such as the volume

and coordinates of the adjusted ellipsoid and the

mean leaf area density within this volume. As a

consequence, as stated by Cescatti (1997b), the

clumping coefficient defined at the tree scale is more

a fitting than a bio-physically meaningful parameter.

It accounts both for leaf clumping at shoot and tree

scale and for discrepancies between real trees and

adjusted ellipsoids: any intercepting surface (isolated

leafy branches, tree trunk) situated outside the

adjusted ellipsoid tends to increase l, while zones

empty of leaves in the adjusted ellipsoid tend to

decrease it.

The clumping parameter ranged from 0.47 to 1.21

for our six hybrid walnut trees assuming a spherical

leaf angle distribution. It was close to 0.5 with a small

confidence interval for small trees, while it ranged

from 0.8 to 1.2 with much larger confidence intervals

for large pruned trees (Table 2). This results from a

poor agreement between the actual crown shape of

large trees and ellipsoids. As a consequence, intro-

ducing an average clumping coefficient estimated

from other trees was inefficient for improving the

predicted shade fraction around individual trees.

Therefore, more detailed light modelling around a

given tree could only be achieved with a more

detailed crown description of that tree. Nevertheless,

the model evaluation on the whole dataset showed

that it captured the main effects of tree size and

photograph positions on the shaded fraction (EF =

0.73, R2 = 0.82), and that introducing a correcting

clumping coefficient reduced the bias of model

predictions. As a conclusion, l can be used as a

correcting parameter only if specific data are avail-

able, which is not the case for most situations were

generic models are used.
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Accuracy of model predictions

The global evaluation of the model showed that it

captured most of the variability of the shaded fraction

on hemispherical pictures taken at various positions

under leafy or leafless trees of various size (Fig. 4).

The model is thus adapted for rendering the spatial

heterogeneity and dynamics during various stages of

the life of trees for the shaded fraction at soil level

under a virtual stand of average trees. However, when

the evaluation was performed tree by tree, we

obtained overestimates for some trees, underesti-

mates for others, with a large RMSrE: our model is

not adapted to take into account the effects of

architectural specificities of a given tree, and should

be applied only to an average virtual tree. This aspect

was ignored by most previous papers addressing this

issue (Courbaud et al. 2003; Bartelink 1998; Zhao

et al. 2003). It cannot be ignored when using the

model on a specific tree such as a real tree that would

be monitored in a field tree-crop interaction study.

The sensitivity analysis gave us information about

the uncertainty of model predictions for PAR capture

efficiency by trees and PAR transmittance under trees

at different age and density. This will be useful in the

construction of an integrated wide-spaced tree stand

(agroforestry, orchard, urban forestry) model. It will

set the requirements for the level of precision that

should be expected from the other modules that will

be included in the integrated model.

Using gap-inversion methods for estimating

canopy parameters of wide-spaced trees

To our knowledge, the reported use of hemispherical

photographs in a spatially explicit context is scarce.

Fournier et al. (1996), Parveaud et al. (2008) and

Stuckens et al. (2009) used hemispherical photo-

graphs to evaluate spatially explicit light models

and/or methods for reconstructing individual tree

architecture. Courbaud et al. (2003) used hemispher-

ical photographs for the calibration of the LAD and the

evaluation of a light model for norway spruce stands.

In this paper, we proposed a method for estimating

structural parameters of individual trees by inversion

of the shaded-fraction on hemispherical photographs

with a spatially explicit radiation interception model.

The advantages and pitfalls of gap-fraction inversion

methods have been extensively discussed (Jonckheere

et al. 2004), and several theories and softwares have

been developed to improve the image processing

(Jonckheere et al. 2005; Cescatti 2007), to account for

horizontal heterogeneity (Nilson 1999), leaf clumping

at several scales (Cohen et al. 1995) or multiple

scattering (Leblanc and Chen 2001). With the notables

exeptions of the work of Phattaralerphong et al. (2008)

and Zhao et al. (2003) with classical photographs,

Villalobos et al. (1995) with a Plant Canopy Analyzer

(LI-COR LAI 2000) and Huang and Pretzsch (2010)

with a terrestrial laser, most of these methods were

designed for studies at the whole canopy scale with no

spatially explicit description, and are not suitable to

predict the radiation heterogeneous pattern at ground

(or crop) level.

Conclusions

We have developed a simple yet spatially explicit

model for predicting light competition in wide-spaced

tree stands such as those observed in savannahs,

orchards, agroforestry systems and urban forestry.

Predicting the spatial patterns of light availability at

ground level is required for the modelling of micro-

climate and productivity of the understorey. Spatially

heterogeneous levels of radiation may induce heter-

ogeneity in the understorey that could be detrimental

to productivity. As an example, this could perhaps

prevent certain crops to perform economically within

agroforestry systems. Accurately predicting the light

availability and heterogeneity at ground or crop level

in wide-spaced tree stands is therefore crucial. This

model uses well established theories of light inter-

ception by heterogeneous canopies and uses a canopy

description at the scale of an individual tree crown.

We tested if introducing parameters that account for

light interception by woody elements and non random

leaf distribution would improve the accuracy of

prediction of the model. The parameterization of a

wood area density improved the model, providing

unbiased predictions of the shaded fraction under

leafless trees, and slightly improved predictions of the

spatial light heterogeneity at crop level. Surprisingly,

the introduction of a clumping coefficient failed to

improve model predictions for leafy trees. Although

this improvement of light competition models was

suggested by several authors, our study indicates that

the estimation of the clumping coefficient was too
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dependent of the canopy volume adjustment proce-

dure. This procedure was not efficient enough to

account for the actual shape of individual tree crowns.

Our conclusions back the use of a simple light

interception model to simulate the day to day variation

of light interception by discontinuous canopies of

spaced trees provided that the model aims at predict-

ing the impact of an average tree. Predicting the

detailed light interception by a real tree is not within

the reach of any simplified model that assimilates the

tree crown to an ellipsoid.
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