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Abstract

Light interception controls the growth potential of species and individuals in plant
communities. However, the effects of competition for light on short term vegetation dynamics
are still poorly understood. This is in part due to a lack of quantitative methods to estimate
this resource capture by individual plants within a canopy. In this paper, we studied the light
interception of herbaceous plants with contrasting architectures (monocultures and binary
mixtures) grown at high or low density and sought to determine the important architectural
features necessary to account for light partitioning among individual plants. It was shown that
the plant populations studied were typical of a wide range of competition intensities, ranging
from sparse plants to dense size-structured populations. Plant representations using whole
plant envelopes with homogeneous leaf area density (LAD) were not reliable to estimate light
partitioning, irrespective of the accuracy of envelope definition. Accounting for
heterogeneous LAD within plants helped to solve this problem in both sparse and dense
canopies. The relative importance of traits however changed with competition intensity and
was different from reports made on isolated plants. Simple envelope-based reconstructions
were finally shown robust enough to support parameterisation from a tractable set of traits

measured in the field provided that height and vertical LAD gradient were characterised.

Key-words: Competition, light partitioning, architectural traits, virtual plants, 3D models,

grass-legume mixtures
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1. Introduction

Competition for resources is one of the major processes controlling plant growth and
explaining the structure and dynamics of plant communities (e.g. Harper, 1977; Grime, 1979;
Tilman, 1988). In particular, competition for light is of primary importance because it
determines the energy available for all physiological processes and partially drives the
acquisition of other resources (Keddy, 2001). Furthermore, as light availability declines
exponentially with distance from the top of the canopy, minor differences in plant size can
have major effects on the quantity and quality of the light available to surrogate plants. Light
is thus typically a resource that is pre-empted by taller plants. This asymmetric competition is
considered to be the primary cause of both size inequality in even-aged populations (Weiner
and Thomas, 1986; Schwinning and Weiner, 1998) and species succession in productive
habitats (e.g. Werger et al., 2002 ; Hautier et al., 2009).

Although plant species vary considerably in their architecture, models predicting light
interception have focused on a limited number of quantitative features such as total leaf area,
leaf angle distribution and leaf dispersion (Ross, 1981; Campbell and Norman, 2000). In
monospecific plant stands, a ‘turbid medium’ analogy (i.e. canopy structure seen as a
horizontally homogeneous layer of random small particles) is generally assumed to model
light extinction according to the Beer-Lambert’s law (Monsi and Saeki, 1953), to which a
supplemental leaf dispersion parameter can be introduced to empirically deal with the non-
random clumping of foliage (Nilson, 1971; Cescatti and Zorer, 2003). Modelling the
competition for light in multispecific canopies basically follows the same principles within a
homogeneous vegetation layer (Rimmington, 1984; Sinoquet and Bonhomme, 1992). This
made it possible to calculate light partitioning among species from the Beer-Lambert’s law
using a series of horizontally homogeneous layers to account for the between-species

differences in maximal height and average vertical distribution of leaf properties (Sinoquet et
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al., 2000). Such an approach has been widely used in intercropping models (Malézieux et al.,
2009 for a review) and has proved accurate for a wide range of canopy structures to quantify
light partitioning between species (Barillot et al., 2011).

In spite of these quantitative methods, our ability to predict short-time changes (ranging from
a growing season to a few years) in productivity and species composition as a result of inter-
specific competition is still limited, even in simple cultivated plant communities (Malézieux
et al., 2009; Louarn et al., 2010). This may arise in part because the fate of elementary units
controlling population dynamics in each species (i.e. individual plants in most cases, Harper,
1977) is not considered in these approaches. Indeed plant size distributions in populations
under severe light competition do not usually follow a Gaussian distribution, but rather a
lognormal or multimodal distribution (Obeid et al., 1967; Weiner and Thomas, 1986; Gosse et
al., 1988). The representation of a species through an average plant (as done in the multi-
layers models) may thus no longer be suitable to infer the population behaviour (Lomnicki,
1988; Berger et al., 2008). On the other hand, many theoretical models of plant population
dynamics relying on quantitative resource partitioning among individuals were developed to
explain self-thinning, changes in population’s size structure as well as shifts in genotypic or
species composition (Hara, 1988; Tilman, 1988; Damgaard, 2004). So far, these approaches
are however mainly phenomenological and consider resource partitioning qualitatively, using
simplified partitioning processes (e.g. use of the zone of influence concept which does not
discriminate between resource types but can be applied with various degrees of asymmetry in
favour of larger plants; Hara and Wyszomirski, 1994) and/or simplified plant representations
(Tilman, 1988; Chave, 1999). Improving our ability to study and model resource capture at
the plant scale, and light interception in particular, would constitute a breakthrough that could

enable significant improvements in the quantitative predictions of plant population models.
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In comparison with whole canopy light interception and light partitioning between species,
quantification of light interception and partitioning by individual plants into a canopy has
received little attention (Ross, 1981; Pearcy and Yang, 1996). In theory, light interception and
partitioning among any components of a canopy can easily and accurately be computed using
light transfer models, provided that the explicit geometry, i.e. three dimensional (3D), is
known and labelled at the organisational level of interest (Chelle, 2005; Da Silva et al., 2008).
In practice, however, it remains difficult to measure (Sonohat et al., 2002) and full geometric
information is often out of reach because a tedious and sometimes intractable amount of work
is necessary to collect the corresponding data (e.g. trees in a forest canopy). Full geometric
information is also likely to be unnecessary since more simple representation of plant 3D
structure can be achieved (basically, a crown envelope, an average crown density and a leaf
dispersion parameter) that enable proper quantification of light interception by isolated plants
(Duursma et al., 2011). Several strategies based on simplified plant measurements have
therefore been proposed to enable the computation of light partitioning at the plant level,
mainly for orchard and forest management purposes. They are based on the coupling of light
models with simplified envelope-based plant structures (e.g. envelope-based turbid medium,
Norman and Welles, 1983; Johnson and Lakso, 1991; Law et al., 2001) or stochastic 3D-
explicit statistical reconstructions (Giuliani et al., 2005; Sonohat et al., 2006; Louarn et al.,
2008a). The rationale behind the possible simplifications regarding actual plants within a
canopy remains however poorly understood. The traits leading to maximal light interception
at one organisation level may indeed not necessarily lead to success at another. For instance,
vertical leaf area gradients are negligible to explain light interception by a single species but
are crucial to explain light partitioning in a plant community. Similarly the traits important to
consider in the plant structure representation may change between isolated plants and plants

within a community. They could also differ according to the intensity of the light competition



125

130

135

140

145

induced by neighbouring plants (Ross, 1981; Hara and Wyszomirski, 1994; Hikosaka et al.,
2001). A simulation study by Wang and Jarvis (1990) allowed to rank the importance of total
plant leaf area, crown shape, leaf clumping and leaf angle distribution in the light partitioning
of even-size monospecific tree stands. Yet, a lack of understanding of how these main
determinants of light interception may vary with plant architecture and the intensity of the
competition for light still hampers the development of reliable simplified plant structures that
could be applied in broad ecological and agronomical contexts. Furthermore, because these
approaches were mainly dedicated to trees, a direct assessment of simplified envelope-based
plant representations against actual 3D structures has never been challenged so far within a
community.

By studying herbaceous plants with contrasted architectures grown at high or low levels of
competition for light, the objectives of the present study were: i) to determine the relative
importance of plant crown shape, total plant leaf area, leaf area clumping and leaf angle
distribution in accounting for light partitioning among individual plants in herbaceous
communities with contrasted competition intensities and ii) to assess the performance of
simple reconstruction methods relying on these traits to infer light partitioning from simple
field measurements. Monocultures and binary mixtures of grass and legume were chosen as a
model for this case study because they represent a broad range of the architectural types
frequently encountered in natural and cultivated plant communities, and because the
exhaustive 3D description (i.e. 3D geometry and topology, Godin et al., 1999) of these plants
remains accessible, even at a community level. A comparison of envelope-based models
enabled to test for the relative importance of traits controlling plant size and leaf properties.
The assessment of a simple model derived from the previous analysis was performed using

only simple field measurements for the parameterisation.
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2. Materials and Methods

2.1 Plant materials and growing conditions

Two experiments were carried out outdoors at the INRA Lusignan station (46.43°N, 0.12°W)
between April 15 and September 15 in 2009 and 2010. During the first year, pure stands of
alfalfa (Medicago staiva L. cv Orca) were studied at two planting densities, corresponding
respectively to a dense plant population (hereinafter referred to as HD for high density; 460
plants.m™, about 1 m? stand), and to an open field with a low density population of plants
(hereinafter referred to as LD; 50 plants.m™, about 2 m? stand). In the second year, the stands
studied consisted in 50/50 alfalfa (Medicago sativa L. cv Orca) - tall fescue (Festuca
arundinacea Schreb. cv Noria) mixtures at the same two densities (i.e. 25 plants.m™ each at
LD and 230 plants.m™ each at HD). Each plant was grown in an individual pot (5 cm
diameter x 40 cm high at HD; 10 cm diameter x 25 cm high at LD) to ensure that they were
competing for light only. In all situations, the pots were arranged according to a hexagon
lattice for planting, so that all plants were equidistant within the stand (Harper, 1961; Boffey
and Veevers, 1977). In addition, each individual in the mixture was surrounded by three of its
own species and three of the other species. The pots were filled with a medium made up of
sterile potting mix, sand and brown soil (1:1:1 v/v). They were ferti-irrigated three times a

day with a complete nutrient solution.

2.2 Size structure characterisation of the studied populations

For each stand, plants were cut to 5 cm above soil level every 4-5 weeks during the growing
season, at the early bloom stage of alfalfa. This occurred in particular just following the two
periods of architectural characterisations described in the next section. At each harvest 100
plants at HD and 60 plants at LD were individually collected, dried (48h at 60°C) and

weighted. Asymmetry in population’s mass distribution and inequality of resource
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partitioning among individuals of each species were assessed using the Gini coefficient (G),
which is a measure of the relative mean difference (i.e. the arithmetic average of the

differences between all pairs of individuals; Sen, 1973; Weiner and Solbrig, 1984):

G= anzn:‘xi —xj‘/(2n2>_<) Eq.1

i=1 j=1

Calculated G values were multiplied by n/(n-1) to give unbiased values (G’). G’ values range
between 0 (all the individuals share resources equally) and 1 (all the resources captured by a
single individual). As light was the only contested resource in the experiments, G’ was used

as an indicator of competition intensity in the different studied populations.

2.3 Three-dimensional digitising and plant reconstructions

For each stand, 3D digitisations were performed at two stages of development: once during
vegetative development in the course of the first growth after sowing (about 650 degree days
after emergence) and once at the end of a summer regrowth period at the early bloom stage of
alfalfa. A group of neighbouring plants located in the centre of each stand were individually
and carefully extracted from the canopy. This represented 20 plants at LD (on a soil surface of
about 1400 cm?) and 40 plants at HD (on a soil surface of about 900 cm?). They were then
measured indoors using an electromagnetic 3D digitizer (3Space Fastrak, Polhemus Inc.,
Colchester, VT, USA) and 3A software (Adam et al., 1999). This enabled us to record the
multi-scale topology of each plant and describe it as a multi-scale tree graph (MTG) (Godin et
al., 1999). At each scale (i.e. branches, shoots, leaves), the plant was regarded as a set of
botanical components of the directly finer scale, arranged as a rooted tree graph. Additionally
the spatial coordinates of all organs and other attributes related to plant/organ geometry were
measured. Details on the digitisation method are available in the article by Sinoguet and Rivet

(1997). Only those features specific to the two species studied here are presented below.



In the case of alfalfa, leaves were mainly described through the position, length and
200 orientation of the central leaflet. Lateral leaflets size and central leaflet width were only
measured on a sub-sample of phytomers from each plant. Allometric relationships were built
specifically for each plant using these data, considering i) central leaflet length as a predictor
of lateral leaflet length, and ii) leaflet length and phytomer position along the stem as
predictors of leaflet width. Direct measurements of the right and left-hand side leaflets were
205 therefore only required in the case of clear asymmetry regarding their size or orientation
according to the usually regular trifoliate pattern. Otherwise, they were added during the
reconstruction process, their size and geometry being deduced from the central leaflet by
rotation and the application of a plant-specific scaling factor. Figure A (supplementary
material) confirm the accuracy of such size estimates as compared to hand-measured lengths.
210  For tall fescue, 3D leaf records involved the description of a midrib path through a set of at
least three points and the systematic measurement of maximum leaf width. For uncut grass
leaves, we accounted for changes in leaf width along the leaf using the parabolic relationship
proposed by Prévot et al. (1991). This was parameterized using multiple leaf width
measurements on a sub-sample of leaves. For cut leaves, we assumed that leaf width remained
215  constant and equal to the maximum leaf width over the whole leaf length.
The reconstruction process was achieved using the PlantGL toolkit (Pradal et al., 2009) in the

Openalea platform (Pradal et al., 2008; http://openalea.gforge.inria.fr). Only leaves were

considered as parts of the virtual plants in the present study. Alfalfa leaflets were represented

using a unique, flat 3D mesh with the same allometric properties as actual leaflets. This mesh
220  was then scaled, rotated and translated wherever required in order to fit the digitised data. Tall

fescue leaves were represented through a succession of trapezes for each leaf segment. As the

orientations of leaf surfaces were not directly measured, they were inferred for each leaf
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segment from the cross product of the vectors defined by two consecutive segments. The tip
of the leaf conserved the same orientation as the preceding leaf segment.

Once separately characterised, multi-scale plant descriptions were then gathered according to
their actual position and orientation in the stand in order to build up virtual canopies. Four of
these corresponded to actual canopies at each density (i.e. pure alfalfa legume stands, grass-
legume mixtures stands at two stages of development). In addition, two supplementary virtual
stands for pure grass were built to serve as controls and facilitate the analysis of light
partitioning in the mixtures. To achieve this, alfalfa plants in the mixtures were replaced by
tall fescue plants on the basis of the closest dry matter yield at harvest for each stage and

density. Overall, six canopies were thus generated at each density (Figure 1).

2.4 Comparison of envelope-based models: role played by the main attributes defining plant
envelopes and by within envelope leaf properties

Using the dataset of digitised canopies, it was possible to compare a range of simplified plant
structures generated from envelope-based models from the literature (Table 1). These
particular models were chosen because the series of whole plant boundary envelopes they
represented (namely plant convex boundary envelope or hull,p, ellipsoid, vertical cylinder and
vertical tessellation prism) corresponded to a regular gradient of simplification associated
with traits simple to understand (namely height, maximal diameter and crown asymmetry,
Fig. 2). A null model was also designed so as it represented all plants with the same envelope
irrespective of their actual 3D structure. It thus considered none of the previous traits and
produced non-overlapping hexagonal prisms (because all the plants were equidistant) of the
same height and basal area.

For each model, geometric envelopes were fit to each individual 3D digitised plant structure

of the 12 studied canopies using the PlantGL toolkit in the Openalea platform (Pradal et al.,

10
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2009). In the null model, height was adjusted to the maximal canopy height. A turbid medium
of discrete, small 3D leaf elements for the boundary envelope was then generated within each
envelope (Louarn et al., 2008a, b). The size of leaf elements (i.e. triangles of 0.5 cm?) had
previously been optimised to limit the computation time during light interception calculation
without affecting light partitioning among plant shoots/tillers (i.e. at a finer scale than plant
scale).

In order to discriminate between effects related to the relative size of envelopes and to within-
envelope leaf properties, six successive runs of simulations were carried out for each of the
geometrical models tested using different assumptions with respect to the total plant leaf area,
leaf area clumping and leaf angles within envelopes (Table 2). The first two sets of
simulations assumed leaf elements were distributed at random using uniform distributions
along x, y and z axes (homogeneous LAD within envelopes) but differed in plant leaf areas:
one used the average plant leaf area for the whole stand (total leaf area of the species divided
by the number of plants) and the other used the actual plant leaf area obtained from the
corresponding digitised plants. These first two runs aimed at assessing the role of the various
traits involved in plant boundary envelope definition and weight it as compared to average
plant LAD.

The next two simulation runs explored the importance of heterogeneous LAD distribution
within plant boundary envelopes to explain light partitioning. Empirical functions were
defined from 3D digitised plants to account for relative plant leaf area distribution along X, y
and z axes. Basically it consisted for each plant in two 10-classes histograms of relative leaf
area density along either the z-axis (vertical distribution) or in the plane of the maximal plant
diameter (horizontal distribution). These density functions were used to generate non-random
distribution of leaf area within plant envelopes, the first considering the vertical clumping of

leaf area only (z) and the second considering both vertical and horizontal clumping (xyz). In

11
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addition, a supplemental reference situation was designed for each plant which consisted in
describing actual leaf aggregation at a finer organisation scale than plant scale (i.e. shoots in
alfalfa and tillers in tall fescue). Such an approach was previously shown to yield plant
representations with suitable leaf dispersions to infer light interception by isolated plants
(Sonohat et al., 2006; Da Silva et al., 2008). To do so, the convex boundary envelope
geometry was fit to each individual shoots of the plant (instead of the plant as a whole) in
order to account for heterogeneous leaf area between shoots, dispersion of shoots within the
plant envelope and voids in terms of LAD (Hull, s, Table 1).

Finally, the two last runs assessed the sensitivity of light partitioning to leaf elevation
distribution (g(a)). Plant to plant leaf angle distributions (defined from the elevation angles of
3D surfaces in the plant digitisations) were replaced by generic distributions from the
literature for each plant species (i.e. erectophile and plagiophile distributions for grass and
legumes respectively; Sinoquet and Andrieu, 1993):

Uoreet (@) = 2/ 72.(1—cOS(222) ) Eqn. 2

(&) = 21 z(1-cos(4cr)) Eqn. 3

g plagio
In a first step, simulations were performed with the leaf angles distributions that best fit actual
leaf properties for each species. In a second step, distributions were switched (i.e. plagiophile

and erect distributions for grass and legume, respectively) so as leaf angles were unpaired.

2.5 Assessement of a simple envelope-based reconstruction method parameterised using field
measurements

The previous sensitivity analysis was designed to assess the potential of envelope-based
reconstruction models to build up faithful plant representation with respect to light
interception properties within a canopy. It however can not inform us about their practical

usefulness, since parameterisations of boundary envelopes, leaf area surfaces and clumping

12
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functions were directly extracted from 3D plant digitisations. A last set of simulations was
thus performed using a tractable series of field measurements to parameterise a simple
envelope-based reconstruction method. It involved:
i) hand-measurements of maximum height and maximum diameter for each plant to
define the boundary envelope as a vertical cylinder
i) estimates of relative vertical leaf area distributions for each species in all the
studied stands
To do so, leaf area was measured for every 10-cm layer on a sub-sample of plants at harvest
using a Licor 3100C planimeter (LiCor Inc., Lincoln, Nebraska). The vertical distribution was
averaged at the canopy level for each species and canopy to define a unique relative vertical
clumping function for all plants in a given situation. The horizontal clumping function was
defined as a Gaussian distribution with 6=1/6 of maximum envelope diameter. This enabled
to account for the horizontal leaf aggregation in the center of the plant observed in many
herbaceous plants including grasses and alfalfa (Ross, 1981). Equations 2 and 3 were used to

define leaf angle distributions in grass and legume respectively.

2.6 Computation of light interception by individual plants

Light interception was computed on the leaf surfaces of the 3D plant structures (either
digitised or derived from envelope based reconstructions) using the radiative transfer model
CANESTRA (Chelle and Andrieu, 1998) available in the Openalea platform (Pradal et al.,
2008). Radiative budgets of individual leaf elements and of the soil compartment were
calculated, so that it was then possible to precisely sum up the amount of light intercepted by
leaf elements at various scales, including plant and whole canopy scales. For envelope based

reconstructions in mixtures, the simulations were rendered for each species separately by

13
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representing the target species by its simplified 3D representations and the other species with
its digitised structures.

Incoming light sources were distributed to simulate an overcast sky with a total irradiance
equalling 1 on a horizontal plane. These conditions were approximated using 40 light sources
positioned in the centres of four elevations x 10 azimuth sectors, the relative light intensities
being computed according to the standard overcast model (SOC, Moon and Spencer, 1942).
For the different plant representations, we compared the amount of light intercepted by each
individual plant expressed in arbitrary units.plant™ (since the incoming PAR intensity was
normalised). Canopy light interception efficiency (LIE) was calculated for each species as the

proportion of incoming light (%) captured by all plants of this species.

2.7 Statistical analyses
Simulated and measured (i.e. computed from digitisations) amounts of intercepted PAR by
individual plants were compared for each stand using the root mean square error (RMSE)

calculated as follows:

Eqn. 4

where s; and m; are the i" simulated and measured values respectively, and n is the number of
observations.

Because the amount of light captured varied considerably between individual plants in the
two species and between density treatments, we used a normalised measure of the model
error, the coefficient of variation of the RMSE (CV mse), to compare the different situations
studied. CVmse IS defined as the ratio between the RMSE and the mean of observed values.
The linear correlation between simulated and measured values was assessed using the Pearson

coefficient r and the Im (linear model) procedure under R software (http://www.r-
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project.org/). Potential bias and discrepancy according to the expected 1:1 line were
quantified using slope a of the s = a.m model after testing for non-significant intercept. In
addition, a measure of the balance between the relative goodness of fit of a model and its
complexity (i.e. its number of parameters) was estimated through the Akaike’s Information
Criterion (AIC; Burnham and Anderson, 2002) using the AIC procedure under R software:
AIC = -2.10g-likm(X,0) + K.Npar Eqgn.5
Where log-likm(X,0) is the maximized loglikelihood for the model and data, np.r is the number
of parameters (total number of parameters used to define plant envelope geometry, clumping
functions and leaf angle distributions) and k the penalty per parameter to be used (k=2). AIC
values thus provide a means for model selection in a series of models of increasing
complexity by considering a penalty for the number of parameters used. Given a set of
candidate models for the data, the preferred model is the one with the minimum AIC value.
For the models we assessed using a convex Hull envelope (which can not be described by a
parametric equation contrary to the other envelopes tested), the number of parameters to
define the geometry was assumed equal to the average number of extreme points delimiting
the convex envelope (20).
One-sample Kolmogorov—-Smirnov tests (ks.test procedure under R sofware) against a
theoretical Gaussian distribution with the same average value and standard deviation were
used to assess the normality of mass distributions in each plant populations. Two-sample
Kolmogorov—-Smirnov tests were used to compare the distributions of plant leaf area by PAR
irradiance classes for simulated and digitized 3D structures. The null hypothesis of identical

distributions was rejected for p-values<0.05.

3. Results

3.1 Size structure in the studied plant populations at high and low density

15
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Dry mass distributions of plants in the studied populations are presented in Figure 3. At low
density (LD), irrespective of species and dates of measurements, all plant populations
presented a size distribution that did not significantly differed from a normal distribution (p-
values > 0.05 for all KS tests). G’ coefficients, accounting for the degree of size inequality in
the populations, remained low, between 0.17 and 0.26. By contrast, at high density (HD),
plant size distributions were normal during the first growth cycle after sowing (stage 1), but
significantly differed from normal at the end of the second regrowth period (stage 2) for both
the pure legume stand and grass plants in mixture (KS-tests p-values < 0.001). Moreover a
marked positive skewness appeared for all HD populations at this stage. Gini coefficients
significantly increased (G’ in the range 0.34-0.52) as compared to LD and HD-stage 1,
indicating than a higher proportion of total plant biomass was contained in a smaller number
of dominant individuals. The legume component in mixture however displayed an asymmetry

that was clearly less important than in a pure stand.

3.2 Canopy light interception efficiencies

Light interception efficiencies and light partitioning among species in mixtures were
calculated from the digitised plants gathered in virtual stands and are presented in Figure 4. At
HD, the proportion of incoming light reaching the soil surface was very low (below 6% in all
situations) indicating a high canopy light interception efficiency. At LD, this proportion was
significantly higher, in the 25-55% range, indicating much more open canopies. The only
exception was the pure legume stand at stage 2 where light interception efficiency was similar
to those observed at HD. In mixtures, overall light partitioning between the grass and legume
components was relatively even at LD but was strongly in favour of the legume component at

HD (proportion of light intercepted >80%).
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3.3 Influence of total plant leaf area and relative plant size on light distribution among
individual plants

The light interception properties of models producing gradually simplified plants structures
were compared to those of digitised plants in order to quantify the relative contribution of
various morphological traits to light partitioning. Figure 5 shows an example of the
relationships established for each model and each virtual stand studied as well as the statistics
derived. RMSE, the slope a of the linear relationship and r* were respectively used to assess
model error, model bias and the proportion of interplant variations explained by the model.
These statistics are summarised in Table 3 for all the simulations comparing model boundary
envelopes with the assumption that plants all have equal total leaf area (i.e. only traits such as
height, maximal diameter and asymmetry in the shape of the envelope contributed to explain
light partitioning). Under this assumption the null model thus considers all plants having the
same envelope and the same leaf area density. Therefore they theoretically all share the light
equally in a pure stand with equidistant individuals. As one might expect, non-significant
relationships with the light partitioning measured (r°<0.18) were thus found in all studied pure
stands, confirming that relative plant size and/or plant leaf area were required to explain inter-
plant variability in light interception. In mixtures, the null model additionally informed us
about any variability in local microclimate induced by the neighbour species (since the
simulations were rendered for each species separately by representing the other species with
its digitised structures). Non-significant relationships were found in 3 out of 4 canopies, but in
one case (grass in mixture, LD-1), the still-holding correlation (r*=0.49) indicated a
heterogeneous light microclimate in the vicinity of grass plants. The identity of neighbour
plants alone did contribute to explain a significant part of inter-plant variations in light

interception in this situation.
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Adding simply height as a parameter to differentiate individual plants (Tessel model, Table 3)
resulted in no improvement except in pure legume stands, both at LD and HD. In these four
stands, a significant part of inter-plant variance was explained (r* close to 0.5 at HD) but little
or no progress was made about model errors. Plant representations further considering plant
maximal diameter (Cylinder) or envelope asymmetry in the horizontal plane (Ellipsoid) did
not generally improve the relationships between measured and simulated light interception.
Even by considering the exact plant convex boundary envelopes (Hull model), relationships
were non significant in 4 out of 8 stands at LD (considering also grass in mixture, LD-1 since
no change was observed as compared to the null model) and two out of 8 stands at HD. These
were preferentially grass stands whereas legume stands had generally a higher part of their
inter-plant variability in light capture explained by differences in envelope size (up to 69 to
73% at HD stage 2). However, irrespective of the plant stand, model errors with the most
detailed envelope representation remained very high: CVms changed between stands
depending on the inter-plant dispersion of light capture (not shown), but values always
remained close to the estimates made from the null model, indicating that no progress was
made from a quantitative perspective.

Table 4 presents a second comparison of model boundary envelopes but considering all plants
with their actual total leaf area. The null model in this series thus represents the case where
plants only differentiate each other by their total leaf area. As a counterpart of the Hull,p
model in Table 3 (plants only differentiate each other by their relative size), it is striking that
differences in leaf area explained a considerable part of inter-plant variations in light
interception. At LD, 69 to 99% of variance was explained by leaf area alone. An important
decrease of CVmse Was also observed, together with limited biases (biases, calculated as |a-1],
remained below 6% except for grasses in mixture and pure legume stage 2). At HD, the

contribution of leaf area alone was smaller but it still explained more inter-plant variance (22
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to 55%, one non-significant relationship) than size variability did in most cases (except for
pure legume). Providing simple dimension traits such as height (Tessel model) and diameter
(Cylinder, Ellipsoid models) in addition to total leaf area resulted in quite opposite effects in
the two species. In legumes, introducing height and diameter greatly improved model
performance in pure stand at HD (76 to 96% of variance explained, marked decreased in
model error and biases) and had little or no effect at LD and in mixtures at HD. In grasses,
little or no improvement was shown. On the contrary, considering these traits resulted in
higher model errors and poorer variance explained than with the null model. These negative
effects were more important at HD than at LD.

The most detailed plant representations (Hull,p model, Table 4), which combined actual plant
leaf area with exact plant convex boundary envelopes, performed clearly better than all other
models. All the relationships between observed and simulated light interception were
significant and explained more than 70% of inter-plant variance (except for HD grass in
mixture, stage 2). In grasses in particular, a dramatic increase of model performance was
recorded as compared to more simple ellipsoids or cylinders, indicating a significant role of
relative plant size that was not accounted for by the range of simple envelopes tested so far
(i.e. asymmetry along vertical axis). In legumes, hull representations also clearly helped to
improve predictions in light partitioning, although less than in grasses (except for HD
legumes in mixture). Overall however, these detailed representations, which assumed a
homogeneous leaf area density within plant envelopes, did not prove to be reliable
quantitative tools to infer light partitioning at the plant scale. Indeed, significant biases were
observed in mixtures (up to 38% for grasses in mixture) and model errors remained high in

dense canopies (CVimse 220% in 6 out of 8 situations).

3.4 Influence of clumping and heterogeneous leaf area distribution within envelopes
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To further analyse the impact of plant structure on light partitioning, we assessed the role of
heterogeneous leaf area distribution within plant boundary envelopes. Three cases were
distinguished: one considering finer envelope description than the plant scale (i.e. hull
envelopes fitted at the shoot scale to account for heterogeneous leaf area between shoots and
heterogeneous dispersion of shoots within the plant envelope), one considering plant
envelopes varying in their vertical leaf area gradients (z simulations) and the other
considering vertical and horizontal leaf area gradients together (xyz simulations). Table 5
presents the summary statistics for hull and cylinder envelopes (see supplementary material,
Table A for the whole set of models tested). Adding information on leaf clumping had a
profound influence on estimates of light interception. Using shoot boundary envelopes
(Hull,s) generally led to unbiased simulations and better model prediction as compared to
plant envelopes with homogeneous LAD (Hull,p). More than 80% and 95% of inter-plant
variance could be explained, respectively, at HD and LD. A two-fold decrease in model error
was observed in average, both at HD (CV me reduced from 19% to 10.6%) and LD (CV mse
reduced from 10.3% to 5.8%). Predictions considering heterogeneous leaf area distributions
were more particularly improved for grasses and for plants in mixtures, indicating than for
these stands differences in relative LAD distribution rather than in relative plant size
explained inter-plant variance in light interception. At LD, as results were already quite
accurate irrespective of the boundary envelopes (Table 3), clumping mostly helped to
consolidate that part of variance which was explained and to reduce bias.

The use of more simple plant envelopes combined with empirical function of leaf area
distribution (Hull,p, z and xyz simulations) enabled to show that both vertical and horizontal
clumping had generally positive effects on estimates of light partitioning. Whereas the
introduction of vertical gradients was more effective in improving predictions in light

partitioning at HD (z simulations were as good as xyz simulations in 6 out of 8 canopies), both
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vertical and horizontal gradients were shown to play equivalent roles at LD (z and xyz
simulations presented a regular progression from homogeneous Hull,p toward Hull,s).
Exceptions were observed for pure legume stands at LD, where homogeneous representations
already performed quite well (thus no improvement was observed with heterogeneous
representations), and for HD grasses in mixtures where horizontal heterogeneity played a
significant role.

Interestingly, the use of plant envelopes more simple (Cylinder) than the exact plant convex
boundary envelopes (Hull,p) did not resulted in a lower ability to predict light partitioning.
The overall impact of clumping compared to relative plant size differed between the two
species (supplementary material, Tab. A). In grasses, the improvement, in terms of model
error, achieved by introducing clumping largely exceeded the differences between simplified
boundary envelope types. In legumes on the other hand, the influences of clumping and
relative plant size appeared to be of the same order of magnitude. In both species, the best
representations using simplified envelopes were usually achieved using cylinders with z or xyz
clumping (Table 5). Irrespective of species and density, this simplified representation
performed better (13 out of the 16 canopies) than hull,p envelopes with homogeneous LAD.
In almost all cases, it also performed as well as hull,p envelopes with the same clumping
properties (z or xyz clumping). In fact, the results were as accurate as reconstructions at the
shoot scale (Hull,s) in 12 out of 16 cases, resulting in unbiased quantitative estimates of light
partitioning in all but one canopy (CVmse>15% and bias>5% only for HD grass in mixture,
stage 1).

The use of simple envelopes with z or xyz clumping was finally also supported by criterions
dedicated to the comparison of models of increasing complexity (Figure 6). AIC enables to
identify trade-offs between accuracy and complexity of the models. Typical “U” shape curves

were observed for a majority of situations (HD and LD mixtures) when comparing models of
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increasing complexity in their boundary envelope definition on the basis of AIC (e.g. Fig.
6b,c). This confirmed that the more parsimonious reconstructions to infer light partitioning
among individuals were based on envelopes of intermediate complexity. Refining envelope
delimitation beyond the consideration of maximal height and diameter was almost never
rewarded. On the other hand, over-simplifications were frequently shown for Tessel and Null
models (significant loss of information visible from the increased AIC value in spite of a
lower number of parameters). The only exception concerned LD pure stands at stage 1 (e.g.
Fig. 6a) where, as presented in the previous section (Tab. 4), variations in plant leaf area
accounted for most of the inter-plant variation in light interception. In this case, the null
model using actual plant leaf area was the most parsimonious. In all other cases it was also
shown that AIC decreased when including the parameters describing empirical clumping
functions (simulation runs 3 and 4 as compared to run 2). It was thus worth adding these

parameters, particularly for plants at HD and for subordinate plants in mixtures (e.g. Fig. 6d).

3.5 Influence of leaf angle distributions

The sensitivity of envelope-based reconstructions to the distribution of leaf angles was also
examined taking the two most accurate representations obtained above at the plant scale as
study cases (i.e. hull,p and cylinder envelopes with xyz clumping, Table 6). In a first step,
distributions from the literature were substituted for each species to the distributions of
elevation angles measured from digitisation. Such a simplification had a remarkably small
impact on light partitioning among individual plants, irrespective of species and density.
Model errors and the part of inter-plant variance explained never changed by more than +2%
when compared to the corresponding simulations with measured distributions (Table 5). In a
second step, simulations were performed switching the distributions between species. The two

species behaved quite differently under this assumption. Light interception by grass plants
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tended to be enhanced whereas it tended to decrease for legumes. These changes had a quite
small impact for pure stands at HD but increased dramatically model errors at LD (except for
LD pure legume, stage 2) and at HD in mixtures. This led to a general degradation of the
model predictions under these conditions and a marked overestimation of light interception
for grasses (up to 40% to 60% bias in mixtures) and a slightly less marked underestimation
for legumes (up to -7% to 11%). The change of leaf angles distribution functions did not
affect the number of parameters so as AIC values were very similar between simulation run 4

and 5, but significantly increased in simulation run 6 (not shown).

3.6 Assessment of a simple reconstruction method for herbaceous plants parameterised from
field measurements

In order to assess the potential of simple envelope-based reconstruction methods as practical
quantitative tools, simulations were performed, simply using hand-measured traits (without
the information obtained from digitising). Cylinders were used as boundary envelopes (height
and maximal diameter measured for each plant in the field) whereas relative vertical leaf area
density distributions were inferred from whole canopy distributions measured for each
species. Figure 7 presents the light interception properties at the whole plant level over the
range of canopies studied. In all cases, the results were very similar to those obtained using
relative size and leaf area density inferred from full 3D digitisations. For instance, model error
ranged from 5.1% (pure grass-stage 2) to 17.5% (pure legume-stage 2) at LD and from 11.2%
(pure grass-stage 2) to 24.9% (grass in mixture-stage 2) at HD. Gathering all the treatments
together demonstrated that the overall predictions of light partitioning among individual
plants were unbiased and quantitatively satisfactory, both at HD and LD. Model error
remained small when compared to plant to plant variations in light capture (CVmse between

10% and 14%) and, as previously shown, was greater at HD. The quality of the simulations
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was finally assessed by comparing measured and simulated distributions of plant leaf area by
PAR irradiance classes for plants of contrasting hierarchical positions in each population
(Figure 8). Distributions were not significantly different between simulated and digitized
plants (KS tests p-values>0.15) in all but one cases (LD legume, stage 1, p=0.04). The
simplified reconstructions were thus faithful enough to calculate within plant light distribution
for a wide range of plants structures (grass and legume plants) and in contrasting competitive
situations. The light irradiance classes that were less accurately represented concerned top
leaves (I/1, >=0.75) of the most dominant legume plants (4™ quartile of plant mass), possibly
because those leaves may present non random local spatial arrangement allowing solar

tracking (Travis and Reed, 1983).

4. Discussion

4.1 The intensity of competition for light changed in the different plant populations studied
The intensity of an asymmetric competition for resources, such as competition for light, as
been frequently characterised using parameters accounting for size inequality among
individuals of the population (Weiner and Solbrig, 1984; Weiner and Thomas, 1986; Knox et
al., 1989; Damgaard and Weiner, 2000). The two studied density treatments resulted in
contrasted effects on the normality of mass distributions and strongly differed with respect to
Gini coefficients associated to each population. Normal distributions at LD and low G’ values
indicated a low level of asymmetric competition (i.e. a low relative impact of larger plants on
the fate of smaller plants). This was corroborated by the general low canopy light interception
efficiency in these treatments at the end of each of the growth period studied (i.e. LIE were
therefore even lower in the course of the regrowth). At HD on the other hand almost full light
interception by the canopy was rapidly achieved and high size inequality occurred in plant

populations. Gini coefficients markedly increased over time. Values close to 0.5 (pure legume
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595 and grass in mixture) were close to those observed in crowding herbaceous plant populations
(Weiner, 1985; Weiner and Thomas, 1986) and indicated that populations were clearly size
structured. The intensity of competition for legumes in mixture was intermediate: it was lower
than in pure stand at HD, indicating a lower impact of the grass companion than the legume
has on itself. Overall, the sparse and dense experimental canopies did produce contrasted

600 levels of competition for light.

4.2 Accounting for heterogeneity in plant 3D structures: what matters within a canopy can
differ from isolated plants and depends on competition intensity
The question of how plant structure should be described in order to satisfactorily estimate its
605 microclimate and/or the resources available at its boundary surfaces is longstanding (Jones,
1992; Tremmel and Bazzaz, 1993; Chelle, 2005). A myriad of traits contribute to the
delimitation of plant crown (e.g. branching pattern, internode length,...) and to the degree of
leaf aggregation within a plant boundary envelope (e.g. branching angles, phyllotaxy, petiole
length, leaf size...), determining the overall plant ability to capture light (see Valladeres and
610  Niinemets, 2007 for a review). Our results confirmed that accounting precisely for plant
crown alone, even with an accurate value of crown LAD (Hull,p with homogeneously
distributed actual leaf area), could lead to significantly biased estimates of light partitioning.
These errors and biases more particularly concerned the plants in pluri-specific communities
(subordinate grasses in particular), but were also observed in some monocultures of the two
615  architectural types represented by the grass and legume species studied, both in sparse and
dense canopies. Similar results were previously shown on the case of isolated trees without
neighbours (Oker-Blom and Kelloméki, 1983; Da Silva et al., 2008). Individual plant
representations with homogeneous envelopes usually led to an overestimation of light capture

in these studies, presumably because these representations did not account for high leaf area
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clumping and heterogeneous LAD within tree crowns. Recently, Duursma et al. (2011)
confirmed on a large dataset of small digitised trees that, in addition to an accurate crown
density representation (ratio between hull,p surface and total plant leaf area), it was necessary
to account for a measure of average leaf dispersion to quantify light interception by isolated
plants. Our results definitely support this assertion for plants within a canopy too. In
particular, we demonstrated how the consideration of foliage aggregation at a finer
organisational scale (i.e. shoot scale through Hull,s simulations) could enable to remove the
biases and prediction errors in light partitioning among individual plants, irrespective of plant
architectural type and canopy openness.

If in some cases practical reconstruction solutions might appear tractable by directly applying
the ‘finer scale description’ principle (Oker-Blom and Kellomdaki, 1983; Sonohat et al.,2006;
Da Silva et al., 2008; Louarn et al., 2008a), in many situations the number of inner scale
components still exceeds any reasonable capacity of direct follow-up in the field (e.g.
characterisation of all tillers in grass plants for the present study). The problem of defining an
affordable plant structure thus remains largely unresolved using such a method. Instead, we
inferred here clumping from functions describing plant leaf area distribution along x, y and z
axes in a 3D space. Such a representation was proposed by Ross (1981) in a theoretical study
of solar radiation penetration within pure stands of plants with various planting patterns and
proportions of overlapping. Similar functions (e.g; relative leaf area distribution along a
vertical axis) also proved powerful to account for light partitioning between species in
intercropping systems (Sinoquet and Bonhomme, 1992; Sinoquet et al., 2000; Law et al.,
2001; Barillot et al., 2011). The functions in the present study were empirically defined from
digitised 3D plant structures and enabled to account for a large part of leaf area clumping. The
simulations using it (hull,p with xyz clumping) performed as well as the plant representations

describing leaf aggregation at the shoot scale. Quite remarkably, it was also shown that the
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clumping aspects that mattered (vertical versus horizontal clumping or both) changed with the
intensity of competition for light. In dense canopies, only vertical distribution of leaf area was
important. Plant boundary envelopes largely overlapped under these conditions and light
extinction from the top of the canopy was rapid. As expected from theoretical studies (Ross,
1981; Hikosaka et al., 2001), inter-plant competition (as accounted for by relative vertical
distribution of leaf area between plants) was shown to be the main driver of light partitioning
whereas self-shading (as accounted for by horizontal clumping around a vertical plant axis)
had little or no influence, maybe as a result of a more homogeneous LAD in plant envelope
intersections. In sparse canopies on the other hand, both vertical and horizontal clumping had
important roles. As compared to isolated plants for which the usual leaf dispersion parameter
originally proposed by Nilson (1971) for the Beer-Lambert’s law seem operational to account
for self-shading (Da Silva et al., 2008; Duursma et al., 2011), more details about the origin of
LAD heterogeneity might thus be required for plants within a canopy. In particular, relative
vertical distribution with neighbours should systematically be considered.

Finally, the comparison of plant reconstruction models we carried out also provided insights
on the balance to keep between relative size descriptions (i.e. accurate boundary envelopes)
and leaf area properties (total plant area, leaf dispersion and leaf angles). Relative size
between plants (and more particularly relative height) was shown to be crucial at HD, but had
a minor role in sparse canopies. In general, the substitution of simple regular shapes such as
cylinders for exact convex boundary envelopes did not result in a reduced ability to predict
light partitioning among plants, as long as empirical clumping functions were properly
defined. The counter part was not true (as mentioned above, fine envelope description with
poor leaf area properties performed poorly). Leaf angle distributions were well approximated
by a generic distribution relevant to each species. Generic distributions had little or no effect

on light partitioning (as already suggested by Goudriaan, 1988), but taking the wrong
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distribution for one or other of the species led to major discrepancies in all sparse canopies
and in mixtures. Overall, the important features to be included in plant reconstructions
changed according to canopy openness and competition intensity. Populations typical of a
crowding situation (HD pure legumes and HD grasses in mixture) presented the approximate
ranking: leaf area and vertical clumping > relative height > leaf orientation > other traits
involved in relative size and envelope definition > horizontal clumping. In sparse canopies,
the traits involved in defining individual plant porosity were predominant in explaining inter-
plant variance in light interception, an approximate ranking being: leaf area > leaf orientation
> horizontal clumping > relative height and vertical clumping > other traits involved in
relative size and envelope definition. Wang and Jarvis (1990) pointed out a ranking in
agreement with our sparse canopies results from a sensitivity analysis of their 3D model of
Sitka spruce. Their analysis however concerned mono-specific stands of even-size trees only,
and did not thoroughly investigate the impact of size distribution and inter-plant heterogeneity

which can be high in dense size-structured plant communities.

4.3 Simple envelope-based reconstruction methods can be quantitative tools to infer light
partitioning among individual plants in sparse and dense plant communities

Because full 3D plant characterisations are obviously not usually accessible for plants within
a canopy, we also assessed the performance of a simple reconstruction method (vertical
cylinders with xyz clumping) based on a tractable series of field measurements (plant height
and maximal diameter; species relative vertical leaf area density). It appeared clearly from the
resulting simulations that this method could be a tool to quantify light partitioning at plant
scale, in both sparse and dense canopies and for the contrasted architectural types tested

(representative of typical grasses and typical erect herbaceous dicotyledons).
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Strong simplifying assumptions were assumed with respect to the clumping functions that are
time consuming to calibrate: i) relative vertical leaf area distributions were the same for all
plants within a species and were approximated by a triangular distribution (i.e. only the
relative height of maximal LAD for the species was required for calibration) and ii) plant
LAD followed a regular Gaussian distribution along x, y axes. Such assumptions were
supported by the fact that relative vertical distributions do not change a lot during the
vegetative cycle in these herbaceous species and present a preferential leaf aggregation in the
center of the plant (Ross, 1981). The solution proposed might not be generic (e.g. it cannot
account for voids in envelopes), but other distributions are readily available that have proved

to be versatile and powerful for this purpose (e.g. Giuliani et al., 2004).

5. Conclusion

Although it concerned a limited number of herbaceous plant species grown under semi-
controlled conditions, the present study was able to reach several conclusions on light
partitioning among individual plants that are likely to be of general value in many plant
communities. Our findings change the pin point of individual plant structure characterisation
from an envelope definition with average leaf properties to a more thorough description of
envelope content. Satisfactory characterisations of light partitioning were shown to be
possible by using envelope-based plant reconstructions with empirical leaf area clumping
functions. Such an approach explicitly seeks to bridge the gap between resource capture and
plant functioning and could contribute to a clearer understanding of the use of different
resources, both above- and below-ground, by plants with different hierarchical positions in the
community (Hirose and Werger, 1995; Hikosaka et al., 2003; Werger et al., 2002; Hautier et

al., 2009). It could also provide the ground to build quantitative population dynamic models
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to account for short-time changes in productivity and species composition in plant

communities as a result of inter-specific competition.
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Table captions
Table 1: Envelope-based models tested and corresponding boundary envelope traits in the 3D

reconstructions

Table 2: Within envelope leaf properties used in the six simulations run in each of the

envelope-based models

Table 3: Comparison of PAR interception integrated at the plant scale between digitisations
and the different envelope-based models tested for the simulation run 1 (uniform LAD, all
plants with the same leaf area). Stage 1 and 2 stand for the two measurement periods studied.
Data are presented through the slope (a), coefficient of determination (r?) and errors (CVymse)
of the relationship for each studied stand. The ; subscript indicates a significant intercept in
the relationship whereas s indicates a non-significant correlation between measured and

simulated values.

Table 4: Comparison of PAR interception integrated at the plant scale between digitisations
and the different envelope-based models tested for the simulation run 2 (uniform LAD within
envelopes, total leaf area defined from plant-to-plant measurements). Stage 1 and 2 stand for
the two measurement periods studied. Data are presented through the slope (a), coefficient of
determination (r?) and errors (CV,mee) of the relationship for each studied stand. The ;
subscript indicates a significant intercept in the relationship whereas s indicates a non-

significant correlation between measured and simulated values.

Table 5: Impact of leaf area clumping on the performance of envelope-based models to

estimate PAR interception at the plant scale within a canopy. Vertical (z) and/or horizontal
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(xyz) clumping within the envelopes are presented for Hull,p and Cylinder envelopes

915  (simulation runs 3 and 4). Hull,p results for uniform LAD (simulation run 2) stand for a
reference without clumping, whereas Hull,s represent a reference considering clumping at a
finer organisation scale than plan scale (i.e. shoot). Data are presented through the slope (a),
coefficient of determination (r?) and errors (CVimse) Of the relationship between measured and
simulated plant light interception values for each studied stand.

920
Table 6: Impact of leaf elevation distributions on the performance of envelope-based models
to estimate PAR interception at the plant scale within a canopy. The erectophil (erect) and
plagiophil (plagio) distributions used were defined in egn 2-3. Results are presented for Hull,p
and Cylinder envelopes (simulation runs 5 and 6) through the slope (a), coefficient of

925  determination (r%) and errors (CVmse) Of the relationship between measured and simulated

plant light interception values for each studied stand.
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Figure captions:

Figure 1: Representation of a) high density (HD) and b) low density (LD) digitised 3D stands
at the two measurement periods studied (stages 1 and 2). In mixtures, grasses are represented

in red.

Figure 2: Top views (top) and lateral views (bottom) of the plant boundary envelopes
generated by the different envelope-based models test in the case of a pure grass stand at HD.

The colour chart is used to identify individual plants.

Figure 3: Distribution of the dry mass of plants for pure legume stands (top) and grass-legume
mixtures (bottom) at the two measurement periods studied (stages 1 and 2). The Gini
coefficient (G’) and p-values of the Kolmogorov-Smirnov test are indicated for grass (gr) and

legume (leg) populations separately (n=100 at HD; n=60 at LD).

Figure 4: Light partitioning at the canopy level between grass, legume and soil components

calculated for each of the 12 digitised 3D stands.

Figure 5: Two examples of relationships between intercepted PAR integrated at the plant
scale using digitisations and using an envelope-based model. Data are summarised through
the slope (a), coefficient of determination (r?) and model errors (RMSE, CVimse) Of the
relationship for each situation. The plain line represents the 1:1 bisector whereas the dotted

line represents the correlations between measured and simulated intercepted PAR.
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Figure 6: Comparison of models on the basis of the Akaike’s Information Criterion for
simulation runs 1 to 4. Data are presented for four contrasting legume (LD stagel, a; HD
stage 2, b) and grass (LD mixture stage 1, ¢; HD mixture stage 2) situations. Horizontal lines
stand for AIC values of the null model in run 1 (plain gray line; all the plants represented with
the same 3D structure and total leaf area), and run 2 (dashed gray line, all the plants

represented with the same 3D structure and with their actual leaf area).

Figure 7: Relationships between measured and simulated PAR interception at plant scales
when using field measurements for individual plant reconstructions. The reconstructions used
cylinder boundary envelopes with xyz clumping and leaf angle distributions from the
literature. HD (a) and LD (b) are presented in separate panels. The plain line represents the

1:1 bisector. Vertical bars indicate the standard deviation of simulations (n=10).

Figure 8: Distributions of plant leaf area by PAR irradiance classes for simulated (charts) and
measured (lines) 3D structures. Data are presented for four contrasting legume (LD stagel, a;
HD stage 2, b) and grass (LD mixture stage 1, ¢c; HD mixture stage 2) situations and for plants
in the four quartiles of biomass in each population (see Fig. 3). Figures indicate the p-values
of the Kolmogorov-Smirnov test verifying whether the two underlying one-dimensional

probability distributions differ.
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975

Table A

Table A: Comparison of PAR interception integrated at the plant scale between digitisations
980 and the different envelope-based models tested for the simulation run 3 and 4. Data are

presented through the slope (a), coefficient of determination (r’) and errors (CVime) Of the

relationship for each studied stand.

Fig A: Relationship between alfalfa foliole lengths derived from a two point digitisation and

985  direct measurement of foliole length with a ruler.
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Table 1

Table 1
Abbreviation Envelope geometry Scale Traits considered in boundary envelopes References
Height Max Diameter Asymetry X Asymetry Y Asymetry Z
Hull,s Convex Hull Shoot X X X X X Da Silva et al. 2008
Hull,p Convex Hull Plant X X X X X Cluzeau, Dupouey & Courbaud 1995
Ellipsoid Ellipsoid Plant X X X X - Mottus et al. 2006
Cylinder Cylinder Plant X X - - - Chave 1999
Tessel Tesselassion prism Plant X - - - - Hirose & Werger 1995; Hikosaka, Sudoh & Hirose 1999
Null model  No model fit Plant - - - - -




Table 2
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Table 2

Simulations Plant leaf area

Leaf area clumping

Leaf angle distributions

D OB~ W N P

uniform
digit
digit
digit
digit
digit

uniform
uniform
uniform along xy, digit along z
digit along xyz
digit along xyz
digit along xyz

digit

digit

digit

digit
theoretical distributions

unpaired theoretical distributions




Table 3

Table 3
HD LD
stage 1 stage 2 stage 1 stage 2
Envelope ) ) ) 5
a r CVimse(%) a r CVimse(%) a r CVimse(%) a r CVimse(%)
Null model 0.14" 0.16™  30.9 0.07' 0.09™ 458 0.05' 0.13™  33.8 0.10' 0.17™ 321
b Tessel 0.49' 053 23.2 0.38' 0.52 44.9 0.12' 0.48 31.8 0.29' 0.32 37.8
ure . . .
legume Cylinder ~ 0.94 053 19.2 0.45' 0.66 40.9 0.13' 0.42 32.2 0.40' 0.42 355
Ellipsoid  0.94 0.60 18.0 0.47' 0.65 38.6 0.21' 0.52 30.0 0.43'  0.46 34.4
Hull,p 0.93 0.45 20.1 0.50' 0.69 40.7 0.16' 0.42 31.9 051" 0.62 26.6
Null model 0.20' 0.04™ 305 021" 011™  37.2 0.11' 0.18™  18.0 0.02" 0.01™ 195
b Tessel 041' 0.06™  40.8 -0.46' 017™ 501 0.30' 0.14™  17.7 0.11' 0.12™ 189
ure . . . .
grass  Cylinder 038" 0.04™  47.7 -0.40" 0.16™ 483 0.14" 0.15™ 215 0.14" 0.16™ 185
Ellipsoid  0.40' 0.04™  51.0 -0.47" 0.16™ 524 0.23" 0.35 18.6 0.15' 0.15™ 187
Hull,p 054" 021 26.9 0.06' 0.00™  36.4 0.35' 0.41 16.1 0.14" 0.13™ 214
Null model 0.05' 0.01™  22.2 012" 0.07™ 333 0.00' 0.00™ 121 -0.09" 0.07™ 173
Legume Tessel 0.08' 0.02™ 245 022" 0.13™ 302 0.08' 0.04™ 116 -0.08' 0.03™ 181
in Cylinder 0.21" 0.09™ 205 0.35' 0.26 26.7 0.10" 0.07™ 122 0.09' 0.03™ 155
MIXWUre  Eliosoid 023" 0.11™ 193 038" 028 271 019' 020 111 009' 0.02™ 154
Hull,p 0.34" 0.22 17.6 0.97 0.73 15.5 0.18" 0.23 10.4 0.19' 0.15™ 129
Null model 1.85 0.12™  65.6 -0.40' 0.02™ 547 0.29' 0.49 19.2 0.01' 0.00™ 356
Grass Tessel 210 014" 592 -0.58" 0.04™ 520 0.76' 0.66 12.7 0.29' 0.06™ 31.2
in Cylinder 224 013™ 59.9 -0.35' 0.06™ 406 0.77" 0.48 19.1 0.24" 0.05™ 335
mixture . . .
Ellipsoid  1.98 0.14"™ 554 -0.45" 0.08™  41.8 0.87' 0.53 18.3 0.26' 0.05™  30.9
Hull,p 136 0.25 32.1 0.20' 0.06™  30.1 0.67' 0.55 16.6 0.23" 0.03™ 27.6




Table 4

Table 4
HD LD
stage 1 stage 2 stage 1 stage 2
Envelope
a P CVinse(%) a P CVimse(%) a P CVimse(%) a P CVinse(%)
Nullmodel 0.48' 044  30.3 074 055 393 105 099 55 090 062 234
oue TESS®! 095 060 226 081 079 298 105 0.99 49 092 071 210
legume Cylinder 098 071 229 097 095  16.0 1.03 099 4.0 098 0.82 189
Elipsoid  0.98 076 213 096 096 149 104 099 47 098 0.84 17.7
Hull,p 097 080 181 100 093 200 102 099 31 099 094 10.9
Null model 0.98 0.46  18.8 097 021 222 1.00 093 54 104 095 54
oue | TESSE 099 030 328 093 0.16™ 292 100 093 7.7 105 094 55
grass Cvlinder 100 031 385 097 020 274 1.00 0.85 135 106 093 7.0
Elipsoid ~ 1.01 028  41.0 098 018 274 104 083 150 106 094 6.7
Hull,p 100 072 203 101 066  19.6 102 091 9.8 105 0.85 84
Null model 042" 052  16.5 033" 041 263 106 092 54 098 073 63
Legume Tessel 089 046 156 042" 042 235 105 090 5.2 098 067 76
in cylinder 095 042 135 096 049 212 109 089 7.6 105 075 7.0
MIXUre  Eliosoid 095 039  12.7 096 057  17.7 106 087 6.0 105 069 81
Hull,p 097 069 104 102 093 107 104 092 44 103 081 7.3
Null model 2.85 0.64  64.9 058' 0.13™ 510 119 093 165 154 093 351
Grass  Tessel 221 035 57.1 031" 0.03™ 383 110 086 112 145 087 304
in Cylinder 234 038 56.0 022" 0.02™ 3658 112 080 157 151 084 333
MU Elipsoid 197 0.37  49.3 045' 014™ 316 115 079  16.1 145 081 307
Hull,p 137 070  27.0 118 038 232 110 086 114 138 078 27.1




Table 5

Table 5
HD LD
Envelop  Leaf stage 1 stage 2 stage 1 stage 2
dist. a P CVmse(%) a P CVmse(%) a  F CVmsel%) a ' CVmse(%)
Hullp  uniform 0.97 0.80  18.1 1.00 093 200 1.02 099 3.1 0.99 094 109
Hulls  uniform 1.00 0.88  16.0 0.98 098 11.0 0.95 099 54 0.98 095 124
Pure  Hullp z 097 083 143 1.06 095 189 1.02 099 4.0 1.04 097 9.6
legume  cyiinder z 098 085  14.9 1.03 0.97 138 1.05 0.98 5.5 1.02 090 16.4
Hull,p xyz 098 082 17.6 1.04 095 184 096 097 6.0 1.00 096 9.7
Cylinder xyz 097 084 151 099 098 10.3 099 097 5.0 1.00 089  16.1
Hullp  uniform 1.00 0.72  20.3 1.01 066 19.6 1.02 091 9.8 1.05 085 84
Hulls  uniform 1.00 0.87  10.4 1.00 0.88 109 099 098 34 099 099 22
Pure  Hullp z 100 089 103 1.02 084 133 1.02 097 47 1.05 095 6.2
grass  cylinder  z 1.00 0.90 10.2 1.01 0.92 7.4 1.02 0.97 47 1.05 0.95 6.4
Hull,p xyz 100 0.87 114 1.01 091 9.2 1.01 098 36 1.01 097 3.2
Cylinder xyz 1.00 091 87 1.00 089 88 1.00 097 3.9 1.02 097 3.8
HullLp  uniform 0.97 0.69  10.4 1.02 093 107 1.04 092 44 1.03 081 7.3
Hulls  uniform 0.93 0.81  10.2 1.00 096 7.0 091 098 95 097 099 33
Le@{r‘ime Hull,p z 100 077 7.9 1.04 085 176 1.03 097 26 1.02 098 29
mixture Cylinder — z  1.02 058  12.0 099 093 80 1.08 097 7.2 1.05 098 53
Hull,p xyz 097 075 9.6 1.02 084 168 096 0.88 4.9 094 090 7.1
Cylinder xyz 1.00 0.73 9.2 098 0.86 10.6 1.01 090 37 097 081 55
Hullp  uniform 1.37 0.70  27.0 1.18 038 232 110 0.86 114 1.38 0.78 271
Hulls  uniform 0.97 0.90 8.7 1.00 091 105 0.98 0.96 5.1 0.97 0.97 5.3
Grﬁss Hull,p z 094 052 158 1.05 065 18.4 1.04 097 36 1.07 092 65
mixture Cylinder — z  1.18 0.84 152 1.02 035 264 1.04 098 42 1.09 091 89
Hull,p xyz 098 0.76  10.9 1.06 069 204 1.01 098 3.0 1.02 084 51
Cylinder xyz 114 0.81 138 1.05 0.68 165 1.02 099 2.8 1.03 089 4.7




Table 6

10

Table 6
HD LD
stage 1 stage 2 stage 1 stage 2
Envelop angle g 9 g g
dist. a P CVme(%) a P CVmse(%) a ' CVmsel%) a ' CVmse(%)

Hullp  plagio 0.98 0.83  16.8 1.04 095 193 096 097 54 099 095 11.2
Pure  Cylinder plagio 0.97 0.83 158 1.00 0.98  10.9 1.00 098 47 0.98 085 17.4
legume Lyp  erect 095 0.80 186 1.03 093 224 0.89 098  11.2 098 095 11.0

Cylinder erect 0.95 0.76  19.3 099 098 12.0 091 097 91 0.97 0.83  19.0

Hullp  erect 1.00 0.85  11.6 1.02 090  10.2 1.01 098 35 1.01 097 38
Pure  Cylinder erect 1.00 0.91 8.8 1.00 0.90 8.8 1.01 0.98 3.9 1.02 0.97 4.1
grass  pHull,p  plagio 1.03 0.81  14.1 1.06 0.87 12.9 1.13 098 117 119 097 16.0

Cylinder plagio 1.02 0.86  11.9 1.05 0.89  10.1 114 098 122 1.21 097 172

Hullp  plagio 0.97 0.77 9.9 1.01 087 148 096 084 55 094 088 75
"egiﬁme Cylinder plagio 1.00 0.75  10.0 0.97 0.84 112 1.01 0.86 4.4 097 076 7.4
mixture Hullp  erect 0.93 0.73  13.4 0.99 0.85 154 0.90 0.89 112 092 085 9.6

Cylinder erect 0.94 072 115 0.96 0.86 86 094 085 6.9 094 084 75

Hullp  erect 0.98 0.75  11.0 1.07 067 228 1.01 098 3.9 1.02 087 47
Griﬁss Cylinder erect 1.14 081 146 1.07 068 183 1.02 098 32 1.04 084 6.1
mixture Hullp  plagio 1.17 0.64  17.6 138 061 314 0.96 0.44  26.7 156 012 431

Cylinder plagio 1.42 0.77  28.6 139 059 318 0.99 045 27.3 1.63 0.13  44.0




e-component Tab A

Supplementary material - Table A

Envelope Leaf

Hull,p
Ellipsoid
Cylinder

Pure Tessel
legume Hull,p
Ellipsoid
Cylinder

Tessel

Hull,p

Ellipsoid

Cylinder
Pure Tessel
grass i p
Ellipsoid
Cylinder
Tessel

Hull,p
Ellipsoid
Cylinder
Le%me Tessel
mixture Hull,p
Ellipsoid
Cylinder
Tessel

Hull,p
Ellipsoid
Cylinder
Gri?‘ss Tessel
mixture Hull,p
Ellipsoid
Cylinder

Tessel

dist.
z
z
z
z
Xyz
Xyz
Xyz

Xyz

N N N N

Xyz
Xyz
Xyz
Xyz

N N

Xyz
Xyz
Xyz

Xyz

Xyz
Xyz
Xyz

Xyz

HD LD
stage 1 stage 2 stage 1 stage 2
a P CVime(%) a P CVimse(%) a P CVmel®) @ P CVimsel%)
0.97 0.83 14.3 1.06 0.95 18.9 1.02 0.99 4.0 1.04 0.97 9.6
0.97 0.80 17.1 1.05 0.97 13.9 1.05 0.99 4.9 1.02 0.93 12.7
0.98 0.85 14.9 1.03 0.97 13.8 1.05 0.98 55 1.02 0.90 16.4
0.95 0.73 17.3 0.84 0.86 23.8 1.06 0.98 5.9 0.94 0.80 19.3
0.98 0.82 17.6 1.04 0.95 18.4 0.96 0.97 6.0 1.00 0.96 9.7
0.97 0.81 17.0 1.01 0.99 9.1 0.98 0.97 4.9 0.99 0.91 15.5
0.97 0.84 15.1 0.99 0.98 10.3 0.99 0.97 5.0 1.00 0.89 16.1
0.93 0.58 19.7 0.79 0.76 29.1 0.99 0.98 5.0 0.88 0.69 23.7
1.00 0.89 10.3 1.02 0.84 13.3 1.02 0.97 4.7 1.05 0.95 6.2
1.08 0.57 21.2 1.02 0.87 10.7 1.04 0.92 8.5 1.05 0.94 6.9
1.00 0.90 10.2 1.01 0.92 7.4 1.02 0.97 4.7 1.05 0.95 6.4
0.98 0.66 141 0.97 0.78 10.6 0.98 0.95 5.5 1.02 0.97 3.9
1.00 0.87 11.4 1.01 0.91 9.2 1.01 0.98 3.6 1.01 0.97 3.2
1.00 0.79 12.6 1.01 0.87 10.4 1.01 0.97 5.0 1.01 0.96 3.8
1.00 0.91 8.7 1.00 0.89 8.8 1.00 0.97 3.9 1.02 0.97 3.8
0.96 0.59 15.0 0.95 0.75 11.9 0.91 0.95 9.9 0.92 0.94 8.3
1.00 0.77 7.9 1.04 0.85 17.6 1.03 0.97 2.6 1.02 0.98 2.9
0.99 0.52 11.9 0.99 0.88 10.5 1.05 0.93 5.1 1.04 0.96 4.4
1.02 0.58 12.0 0.99 0.93 8.0 1.08 0.97 7.2 1.05 0.98 5.3
0.44' 0.45 14.1 0.54' 0.65 19.3 1.05 0.91 5.7 0.96 0.79 6.8
0.97 0.75 9.6 1.02 0.84 16.8 0.96 0.88 4.9 0.94 0.90 7.1
0.97 0.70 10.9 0.98 0.85 11.2 0.99 0.86 4.4 0.96 0.83 5.3
1.00 0.73 9.2 0.98 0.86 10.6 1.01 0.90 3.7 0.97 0.81 55
0.39' 0.45 17.3 0.46' 0.58 21.3 0.98 0.89 3.3 0.88 0.57 13.9
0.94 0.52 15.8 1.05 0.65 18.4 1.04 0.97 3.6 1.07 0.92 6.5
1.12 0.72 16.7 1.03 0.46 21.8 1.08 0.91 8.3 1.14 0.88 12.2
1.18 0.84 15.2 1.02 0.35 26.4 1.04 0.98 4.2 1.09 0.91 8.9
1.09 0.76 15.3 0.95 0.72 17.9 0.96 0.98 4.8 1.01 0.97 3.0
0.98 0.76 10.9 1.06 0.69 20.4 1.01 0.98 3.0 1.02 0.85 5.1
1.16 0.71 17.5 1.05 0.57 19.9 1.03 0.96 5.6 1.03 0.85 5.7
1.14 0.81 13.8 1.05 0.68 16.5 1.02 0.99 2.8 1.03 0.90 4.7
1.01 0.73 16.8 0.83 0.55 24.3 0.86 0.93 15.9 0.88 0.82 13.8
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Figure 2
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Figure 3
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Figure 4

HD stage 1 HD stage 2 LD stage 1 LD stage 2
100 100 +
80 80
SOl
60 - 60 | = grass

s legume

1N
o

40 |

N
o

20

Light interception (%)

o

pure legume pure grass  mixture pure legume pure grass  mixture pure legume pure grass  mixture pure legume pure grass  mixture



Figure 5
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Figure 6
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Figure 7
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Figure 8
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e-component Fig A
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