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In a tree, the distribution of leaf inclination angles plays an important role in photosynthesis and water
interception. We investigate here the effect of mechanical deformations of leaves due to wind or their
own weight on this distribution. First, the specific role of the geometry of the tree is identified and shown
to be weak, using models of idealized tree and tools of statistical mechanics. Then the deformation of
individual leaves under gravity or wind is quantified experimentally. New dimensionless parameters are
proposed, and used in simple models of these deformations. By combining models of tree geometry and
models of leaf deformation, we explore the role of all mechanical parameters on the Leaf Inclination
Angle Distributions. These are found to have a significant influence, which is exemplified finally in
computations of direct light interception by idealized trees.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Among leaf geometrical traits, the leaf inclination angle, defined
as the leaf orientation with respect to the vertical axis, is of primary
importance in plant ecology as it directly drives radiation intercep-
tion by canopies and thus impacts gas exchanges, photosynthetic
activity level and related processes within canopies. The Leaf
Inclination Angle Distribution (LIAD) is commonly described in a
given tree through a probability distribution function p(¢), where
@ is the angle between the leaf normal direction and the vertical axis
(Falster and Westoby, 2003; Wang et al., 2007). For instance, when
the sun is at zenith, the direct light interception by a canopy, Iy, is
commonly modeled as (Monsi and Saeki, 2005; Pisek et al., 2013)
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In (1—0> =-A {1 — p(@)cos @ dq)] , (1)
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where [ is the light intensity at the top of the canopy and A is a
function of the leaf density profile. Clearly the probability density
function of the leaf orientation, p(¢), has a strong effect on the
interception of light by a canopy.

The LIAD may be defined in several ways, considering that a
leaf may be curved and even if not curved, tilted across its mid-rib
axis. For the sake of simplicity, we shall hereafter use as inclination
angle, ¢, the angle between the vertical axis and the base-tip axis
of the lamina (Fig. 1a). Note that ¢ does now vary from O to 7,
contrary to other definitions such as in Eq. (1) where ¢ varies from
0 to z/2. The distributions P(¢) and p(¢) are simply linked by
p(@)=P(p)+P(x—@). In the following, the probability density
function P(¢p) will be referred to as the Leaf Inclination Angle
Distribution (LIAD). Fig. 1c and e shows a typical LIAD (Falster and
Westoby, 2003; Falster, 2012), one among the immense variety
that exists in nature. They may differ by the location of the peak,
the width of this peak or even by their general shape, see for
instance Falster and Westoby (2003) for typical examples.

Observed LIADs are highly variable between species and can
change over time along the growing season or according to abiotic
and biotic stresses (Pisek et al., 2013; Falster and Westoby, 2003).
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Fig. 1. (a) Definition of the leaf inclination angle, ¢. (b) Definition of the branch
inclination angle, 6. (c) Example of LIAD (data by Falster (2012)), the same LIAD is
also plotted in polar representation in (e). (d) Example of BIAD (data by Rodriguez
et al. (2012)), the same BIAD is also plotted in polar representation in (f). The
distributions are shown with arbitrary amplitudes.

This variability is probably due to both physical and biological
factors: the tree architecture (through the inclination of branches),
the deformation of the petioles, which itself depends on turgor
pressure, phototropism, growth history and even instantaneous
reactions to stimuli. To account for this huge variability numerous
functions such as spherical, ellipsoidal or Beta distributions are
commonly used (Campbell, 1986; Wang et al., 2007; Pisek et al.,
2011). However these functions do not take into account any of the
factors listed above. We expect that including some of these
factors into a model can account simply for this variability. We
shall focus hereafter on the combined role of the first two of the
above list, namely the tree architecture and the elastic deforma-
tion of petioles under gravity or wind loading. The first one is
mainly geometrical and the second mechanical.

We define at this step the Branch Inclination Angle Distribution
(BIAD), which describes the orientation of the shoots supporting
the leaves with the vertical axis, Fig. 1b. Fig. 1d and f shows a
typical BIAD corresponding to a specific walnut tree (Rodriguez
et al., 2012). Modeling the BIAD requires some knowledge of the
tree geometry. Successful models, using simple iterating branching
laws, have been used for tree vibration (Rodriguez et al., 2012) and
for tree fracture (Lopez, 2011; Eloy, 2011). These models are based
on a branching angle and allometric laws only.

On the other hand, the elastic deformation of a petiole has been
considered by Vogel (1989) and Niklas (1999), using simple beam
models. They showed that the static and dynamic deformations of
the whole leaf are concentrated in the petiole for most leaves. This
idealized model of leaf deformation is not adapted when the
lamina is more flexible than the petiole or for complex geometries
such as pinnate leaves and sessile leaves. Nevertheless, models
considering the lamina as rigid and the petiole as flexible are
efficient in most applications (Niklas, 1992; Niinemets and Fleck,
2002).

The aim of the present paper is to combine simple models of
branch orientation with models of petiole deformation under
external loading, in order to understand and ultimately predict
some of the existing features of leaf inclination angle distributions.
More precisely we seek to clarify the respective role of these two
factors, geometrical or mechanical, affecting LIADs.

Considering the large number of branches and leaves we shall
use standard methods of statistical physics to build the probability
density functions. In Section 2, the Branch Inclination Angle
Distribution is built for idealized two-dimensional and three-
dimensional trees. In Section 3, a model is proposed to describe
the deformation of a leaf under two types of loads: that induced by
gravity and that induced by wind. In Section 4 these results are
combined to derive LIADs and their variations with parameters.
The possible effects on a global quantity such as the light
interception are also discussed.

2. Branch inclination angle
2.1. The two-dimensional tree

We seek to establish first the role of tree geometries on
inclination angles of branches which hold leaves. To do so we
use a description based on the assumption of an iterative branch-
ing process. This is similar in principle to the models used by
Rodriguez et al. (2008), Lopez (2011) or Eloy (2011) recently. The
simplest model, referred hereafter as the 2D tree model, is
illustrated in Fig. 2a. Here, the geometry results from a series of
n iterations where the end segments of the tree are prolongated by
two daughter branches, emerging with an angle 6y from each
mother branch. As only inclinations are involved no other infor-
mation is needed on length or diameter of the branches (see
Rodriguez et al., 2008; Lopez, 2011).

As the BIAD describes the inclination angle of the shoots
supporting leaves, we focus our analysis on the branches of the
ultimate order of the tree, n. Elementary calculus shows that the
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Fig. 2. Iterative idealized branched trees. (a) A two-dimensional tree, (b) the
corresponding BIAD, Eq. (3), with the number of iteration n is equal to 4, for a
branching angle ¢y = #/6. (c) A three-dimensional tree, (d) the corresponding BIAD
obtained by numerical simulation with the same values of n and 6, by averaging
over 10° trees.
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inclination varies between 6 =0 and 6 =n6, depending on the
location of the branches. The probability that a branch of order n
has an inclination angle @ = k6, n and k being integers, is noted
P,(k6o). The iteration law that defines this distribution reads

2P .1(k6o) = Pr[(k —1)00]+ Pa[(k+1)b0], )

with Pp, 1(6) = Pn(0)+Pn(260)/2 and Py, 1(0) = P,(6p)/2. Consid-
ering that the number of iterations n is generally large, say larger
that 5 and up to 10 (Lopez, 2011), we may use elementary tools of
statistical physics, see for instance, p. 23, Kittel (2004), to derive an
approximation of the BIAD as

1 /2 2
PaO)= g ge T 3)

Note that @ varies here continuously and is not restricted to the
discrete values 8 = k6. Fig. 2b illustrates that the BIAD is a simple
Gaussian peaked at #=0 and with a standard deviation, ¢ = 6y/n,
depending on both the branching angle and the number of
iterations. A comparison with the BIAD of a real tree, Fig. 1f,
immediately shows that the present 2D model fails to capture the
position of the peak of the distribution, clearly non-zero in
practice.

2.2. The three-dimensional tree

To improve the model, we include now at each branching point
a random rotation around the axis of the mother branch. This
generates a full three-dimensional tree as illustrated in Fig. 2c. The
corresponding distribution of inclination angles may not be
analytically derived as it results itself from a random process.
We numerically generate 10* random trees for a given set of
parameters &y and n, and average their BIADs to obtain a reference
distribution, Fig. 2d. It significantly differs from that of the 2D
approximation and is no more peaked at #=0. In fact the 2D
model was biased by an excessive role of the vertical direction,
thus favoring the §=0 angle. By systematically exploring the effect
of n, we find a weak dependence of the number of iterations. These
distributions are fitted with Gaussian shapes

P(O) oc e~ 1O—p"/25) @)

where the peak position, y, and the standard deviation, o, are
found to depend only on the branching angle &,. Note that for the
sake of clarity, we have omitted the normalization factor in Eq. (4)
by using the notation “ oc ”, meaning that P is proportional to the
right-hand side of the equation. By systematically varying 6o, from
0 to z/3, we find that the peak position and the standard deviation
are well approximated by

_77.' . 390 _71' . 390
U _jsm (T) and O’—ZSIH (T) (5)

This 3D model has the ability to represent a BIAD that is not
peaked at =0, contrary to the 2D model. Note that, since 36, < ,
the peak of the distribution is never larger than z/2. We may
therefore directly state that geometrical effects are probably not
responsible for well off-centered distributions of Leaves Inclina-
tion Angle Distribution (LIAD) such as that of Fig. 1c, near 37z/4.

We apply the model defined by Egs. (4) and (5) to derive the
BIAD of the walnut tree, Fig. 3. From the digitized geometry of the
walnut Fig. 3a, we compute the average branching angle, which is
found equal to 0y/7 = 0.26. This angle is then used to predict the
BIAD. Fig. 3b shows that the model predicts reasonably well the
Branch Inclination Angle Distribution, using only the value of the
branching angle.

NI

Fig. 3. (a) Digitized walnut geometry (Rodriguez et al., 2008). (b) Polar representation
of the walnut BIAD (bars) and theoretical prediction (continuous line), Egs. (4) and (5).
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Fig. 4. Schematic view of the deformation of a leaf under external loading:
(a) weight of the lamina and (b) wind forces. Also shown are the variables used
in this section.

3. Local models of flexibility

We now consider the effect of flexibility at the scale of the
individual leaf for different types of loading. Models that we build
in this section will then be used to derive the inclination angles at
the scale of the whole tree, by combination with the results of the
preceding section.

3.1. Flexibility under gravity loading

The parameters involved in the local deformation of a leaf
under gravity are the weight of the lamina, mg, the length of the
leaf, 2A, the bending rigidity of the petiole, EI, and the length of
the petiole, L (Fig. 4a). Elementary dimensional analysis shows that
these parameters may be combined in an elasto-gravity number

ALm
Ee="1%, (®)

which scales the loading by gravity on the lamina with the
stiffness of the petiole, and therefore the potential deformation.
Note that we have used the length L in place of L+A in Eq. (6), for
the sake of simplicity, without loss of generality. In all the cases we
show further in the paper that L and A are of the same order of
magnitude, so that our choice does not introduce a bias in the
analysis of results. For leaves with AsL, using L+A or even simply
A would be appropriate. More generally, if the leaf mass distribu-
tion is not uniform, the proper length parameter is L+ L; where Lg
is the distance from the base of the lamina to the center of mass of
the lamina. We estimated this elasto-gravity number on several
species mainly of fruit trees, by measuring on sets of six leaves the
parameters given above. To measure the petiole flexibility (EI), the
difference is made between the curvature of a petiole with and
without end load. The results are summarized in Table 1 showing
that the elasto-gravity number typically ranges from 0.1 to 2,
indicating that small or large deformation induced by gravity can
be expected depending on that parameter.
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Table 1
Table of parameters.

Symbols Parameters

Branch inclination angle

Leaf inclination angle

Leaf azimuth angle

Branching angle

Branching level

Half length of the lamina

Length of the petiole

Lamina mass

Gravity

Bending stiffness

Air density

Wind velocity

Drag coefficient normal to the leaf
Leaf area

Angle between the petiole and the
lamina

Elasto-gravity number

Cy Cauchy number

u, @ Peak position (BIAD, LIAD)

g, X Width of the peak (BIAD, LIAD)

"QV)Q(:E F_EQQBP‘>3§>‘€'S.<D
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P Inclination angle distribution
Iy Light at the top of the canopy
y Solar inclination angle

I Light intercepted

C Light interception ratio

Coo Limit light interception ratio
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Fig. 5. (a) Sketch of the experiment. (b) Image taken from the experiment.
(c) Results on artificial leaves (&) Model 1 and (o) Model 2. (d) Results on actual
leaves (o) Apricot and (©) Ficus. (c) and (d) the solid line is the elastica model and
the dashed line is the analytical approximation.

To quantify the deformation of the leaf system due to gravity,
an experiment is designed as sketched in Fig. 5a. A leaf is clamped
at the base of its petiole and the angle of clamping, 6, is
progressively increased. The resulting position of the leaf is
recorded with a camera, fitted with a macro lens of focal length
30 mm. The captured image, see Fig. 5b for an example, is then
processed to extract the leaf inclination, ¢, regardless of any
reference position. Two types of leaves are tested: artificial leaves
made of a plastic sheet for the lamina and an optic fiber for the
petiole and tree leaves (Ficus Benjamina and Prunus Armeniaca

‘Précoce de Saumur’). Table 3 gathers the characteristics of the
tested leaves, including the angle between the petiole and the
lamina, /. Fig. 5¢ and d shows the measured inclination angle, ¢,
as a function of the clamping angle 6.

To relate these results with the characteristics of the petiole,
standard models from elasticity may be used. Considering the
possible large deformation of the petiole, we use a fully non-linear
formulation of the equilibrium equation, and do not assume that
the petiole is horizontally inserted. The equation for the local
angle of the petiole, a (Fig. 1b), reads (Salencon, 2001)

2
EI%T?: —mg sin a, 7
where s is the curvilinear coordinate. In a dimensionless form,
using S = s/L this reads

2

%: —EG% sin a. )
The boundary conditions at the branch side and the lamina side
are a =6 and da/ds = E; sin(a+f3) respectively. These equations
are more general than those used by Niklas (1992), who consid-
ered the lamina as a point load at the end of the petiole and differ
from those of Niinemets and Fleck (2002) by the non-linear terms,
but considering only here a uniform mass distribution and a rigid
lamina.

The solution of Eq. (8) involves elliptic integrals, but with a
non-trivial boundary condition at 5 =1. We solve it numerically
combining a standard Runge-Kutta procedure in space with a
shooting technique to satisfy the branching condition. An approx-
imate solution may also be given in the limits when AsL, large leaf
or short petiole, and ¢ ~ 7z, large inclination angle. The solution
reads simply a(5) = 0+5Eq(wr— ¢+ f) so that

¢_0+ﬂ+nEG
- 1+EG :

Fig. 5¢ shows the experimental evolution of the inclination
angle of artificial leaves, ¢, as a function of inserting angle 0, in
comparison with the models discussed above. Clearly the full
mechanical model, Eq. (7), captures well the evolution of the
inclination angle. The simplified model, Eq. (9), gives the main
trends: ¢ increases with 8 and tends to z for high values of Eg. For
the real leaves, Fig. 5d, with a large angle f between the petiole
and the lamina, the comparison shows the same trends. We shall,
in the following section, use the simplified formula, Eq. (9), which
allows analytical derivations.

€))

3.2. Flexibility under wind loading

A similar approach may be undertaken for deformation induced
by wind. The static load induced by wind on the leaf depends on the
dynamic pressure, pU?, on the leaf area, S, proportional to A2, and
on the angle between the leaf and the wind velocity (de Langre,
2008). Consequently, the dimensionless number that scales the
deformation induced by wind on the leaf is the Cauchy number (de
Langre, 2008), defined here as

_pUPA’L
- El -
This number may be estimated, for winds of 0.1 m/s and 10 m/s,
for all the leaves of the species analyzed above. Table 2 shows that
Cauchy numbers, for such velocities range from 10~“ to 102 For
Cy > 1, significant deformation under wind may be expected.

An experiment is designed to explore the effect of wind loading
on the deformation of a single leaf. Artificial leaves, as in the
previous experiment, are placed in a wind tunnel, Fig. 6a (Lemaitre
et al.,, 2005). Two leaves are considered with L=2.7 cm, A=5.5 cm,

Cy (10)
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Table 2

Typical values of the elasto-gravity number, Eg, and the Cauchy number, Cy, at 0.1 m/s and 10 m/s. Only mean values for the set of leaves of a given species are presented.

Typical standard deviation is of the order of mean values on E; and Cy.

Tree L (cm) A (cm) EN0~> (N m?) m(g) Elasto-gravity Cauchy number Cauchy number
number Eg C, (at 0.1 m/s) C, (at 10 m/s)
Apple tree Malus pumila ‘Jubilé’ 23 3.6 7.8 0.57 0.060 14%x10°% 14
Apple tree Malus pumila ‘Arianne’ 31 5.0 20 13 0.10 15x107% 1.5
Apple tree Malus pumila ‘Golden delicious’ 3.2 45 13 0.80 0.08 22x10~4 2.2
Hazelnut tree Corylus avellana 1.9 5.5 4.5 0.75 0.17 70x 104 7.0
Apple tree Malus pumila ‘Fuji’ 3.6 4.4 9.8 0.71 0.11 31x1074 31
Plum tree Prunus salicina 34 53 20 1.1 0.10 2.5x107% 2.5
Cherry tree Prunus avium ‘Burlat’ 53 71 10 13 0.48 1.8x10°3 18
Poplar tree Populus x. euramericana 6.0 4.4 7.2 1.6 0.58 71x10°% 71
Apricot tree Prunus armeniaca ‘Précoce de Saumur’ 39 43 3.9 1.3 0.55 79 x 1074 7.9
Apricot tree Prunus armeniaca ‘Old Variety’ 5.8 4.2 1.7 1.1 1.83 25%x1073 25
Table 3 a b
Parameters of artificial leaves, Ficus and Apricot leaves, used in the experiment. %
¢ g
Leaf L (cm) A (cm) EI10~5(SI) m(g) plr - Ec - s
Model 1 15 1.7 1.0 012 0 030 — )
Model 2 21 24 1.0 0.25 0 13 e D/
Ficus 2.0 4.3 18 0.4 0.45 0.20 —
Apricot 4.2 4.5 40 1.3 0.02 0.6
—
0
0.1 1 10

EI=11 x 107>, and =0 or f=0.367z. The inclination of the leaf is
measured for several values of the wind velocity. Fig. 6b shows the
evolution of the angle ¢ with the flow velocity, represented here
in terms of the Cauchy number, Eq. (10).

We may adapt the previous mechanical model to the case of
wind loading, Fig. 4b. The force caused by wind is assumed to be
normal to the leaf and with a magnitude of F, = pU2CNS /2, where
p is the air density, U is the wind velocity, Cy is the normal drag
coefficient (Blevins, 1984), and S=A% cos ¢ is the projected area
in the wind direction. Hereafter Cy will be taken equal to 1, but
may actually depend on ¢. In a dimensionless form, using s =s/L,
the equation governing the petiole deformation reads
dza_ L
a2 2A

The boundary conditions at the branch side and the lamina side
are a=60 and da/ds= —CyCy cos(¢p+f)/2 respectively. The
numerical solution to this equation is shown in Fig. 6b, in good
agreement with experiments, using Cy=1.

A simpler form of the relation between the insertion angle, 0,
and the leaf angle, ¢, may be derived as a function of the Cauchy
number. In the limit A>L, large leaf or short petiole, and ¢ ~ 7 /2
the solution reads a(5) =60 —5Cy(x/2+¢) so that

9+ﬁ+£CY
_ 2
¢_ 1+Cy ~ (12)

CyCy cos ¢ cos(¢p—a). an

At low Cy, we have ¢p=0 (unbent petiole) and in the limit of
large Cy, ¢p=r/2 so that the leaf is bent in the wind direction. This
approximation is compared with the experimental data in Fig. 6b.
This simpler form will be used hereafter.

4. Combined models of leaf inclination angle distribution
4.1. Effects of gravity
We now combine the preceding results on the effect of petiole

flexibility, Section 3, with those on the distribution of branch
inclinations, Section 2. Considering first gravity, we invert Eq. (9)

Fig. 6. Schematic view of the experiment in wind tunnel (a). Measured deflection
angle, ¢, as a function of wind speed through the Cauchy number. The solid line
corresponds to the elastica model and the dashed line is the analytical
approximation.

to express @ as a function of ¢, and inserting the result in Eq. (4)
yields directly the leaf inclination angle distribution as a function
of all parameters

P(¢h) o e[*((ﬁ*‘l’o)z/ZZz], (13)
where the peak value and the standard deviation are
@ HTPTE 5 o (14)

1+Ec ° “T1+Ec

where y and ¢ are given in Eq. (5). This contains the effect of all
parameters on the LIAD, namely the branching angle in the tree,
6o, the petiole/lamina angle, f, and the combined flexibility/
gravity parameter of the leaves, Ec = mgLA/El. To illustrate this
result, several typical LIADs are shown in Fig. 7, resulting from
particular choices of the parameters.

We now focus the discussion on the effects of the parameters
on the value of the peak of the LIAD, ®,, Eq. (14). As noted
previously, the effect of the branching angle, 6y, is rather weak, as
shown in Fig. 8a. In particular, the branching angle may not be
responsible for a position of the peak of the LIAD larger than 7z/2 if
Ec=0 and =0. We shall use hereafter 6y = /3 unless otherwise
noted. The effect of the lamina/petiole angle, f3, is simple in the
sense that it essentially shifts the peak @®q linearly. The most
important parameter in our analysis is the flexibility parameter Eg,
which combines the lamina load and the petiole flexibility. This
parameter has a strong influence on the LIAD, see Fig. 8b. In the
limit of Eg<1, the LIAD is identical to the BIAD, as the leaves are
undeformed by gravity. Conversely when Eg>1, all the leaves are
pointing downward and the LIAD tends to @y = x. Typical values
of the parameter E; range from 0.1 to 2, see Table 2. In this range,
the LIAD is strongly affected by the flexibility. Note that, for a given
tree, changes in flexibility, by growth or dehydration (Faisal et al.,
2010; Niklas and Spatz, 2012), may result in a change of LIAD.
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Fig. 7. Computed LIAD showing a strong effect of the elasto-gravity number Eg, for
two values of the branching angle, 6. Here Ec=0 or 1 and 6y = z/6 or z/3.
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6o 0 Ec
0 /3 102 1 102

Branching angle Elasto-gravity number

Fig. 8. Dependance of the peak of the LIAD with parameters. (a) Effect of the
branching angle of the tree, o, for Ec=1, showing a weak influence. (b) Effect of the
elasto-gravity number E¢ for 6y = z/3, showing a strong influence.
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Fig. 9. Evolution of the LIAD with increasing wind velocity. The black dot
corresponds to the specific leaf inclination sketched on the right (b, d, f).

4.2. Effects of wind

By combining Eqgs. (4) and (12), the LIAD under wind may now
be computed. Here, contrary to the case of gravity, the wind
loading is sightly more complex as the wind defines a particular
direction. Indeed the inclination of leaves are differently affected
depending on their orientation with this direction.

A first case may be treated, considering the 2D tree model.
It must be kept in mind that the 2D tree model, Section 2.1, bears a
caveat as it enforces the peak of the distribution of branch angles
to be at d=0. Yet, it may be readily used to understand qualita-
tively the effect of wind on a LIAD. Disregarding scaling factors, we
use the BIAD given by Eq. (3). Upon inverting the relation between
¢ and 6, Eq. (9), the LIAD may be derived as

P(¢h) oc el=@h- @7 /237 (15)

with @, = zCy/2(14Cy) and X; =n#Z/(1+Cy)?. Using the polar
representation, Fig. 9 shows that the LIAD, originally symmetric
about the vertical angle, becomes skewed in the windward
direction, as expected when Cy is increased. More precisely, all
leaves pointing above the axis of wind, that is for 8 between /2
and — /2, Fig. 9, are lifted by wind and ultimately aligned in the
direction of wind, ¢p=x/2. Conversely, leaves below the axis of
wind are pushed down by wind and finally also aligned down-
wind, but by going through the down-pointing position. This
result shows that, as the Cauchy number is varied, a significant
reorganization of the LIAD is expected.

4.3. An application to light interception

As mentioned in the Introduction, the direct light interception
by a canopy is linked to the LIAD. More precisely, the simple form
of Eq. (1) for a sun at the zenith may be extended to the more
general case of a sun time-varying inclination angle y(t) (Pisek
et al., 2011; Varlet-Grancher et al., 1993) as

lott) _
Iu(t)

/2

-A|1- A P(w)F(qo,y)qu] (16)

where F is given in Pisek et al. (2013). Actually it is more relevant
for processes, such as photosynthetic activity, to consider the
intercepted light over a full day, as follows: .['Daylo(t) dt. This
implies that incoming light dependence on solar inclination is
modeled for instance following Campbell and Norman (1998) as

Iy(t) oc 0.71/510 7O a7y

In the framework defined above, we may now estimate the
effect of the elasto-gravity number, E¢, on the direct light inter-
ception as follows: in Eq. (16), the LIAD P(¢p) now depends on Eg,
denoted as P(¢,Eq). To quantify this effect, we may define the
following light interception correction factor which estimates
changes in light interception relatively to the reference case E;=0:

B [ ey o(®) dt] N
- [howfo®r ],

where Iy is given by Eq. (16), but using P(¢, E¢) in place of P(¢).
This correction factor now only depends on the chosen day, j, the
chosen location latitude, A, which affects y(t), and the elasto-
gravity number Ec. To illustrate this effect, we show in Fig. 10 the
influence of E; at the summer solstice and at a latitude of 45°N.
Clearly E; affects light interception when it comes close to
Ec=1 which is a case of practical interest, see Table 2. For large
values of E;, when all leaves hang downwards, a limit value is
obtained, C,, which only depends on the latitude, for a particular
day. As a synthetic result, we show in Fig. 10 this correction factor

(18)
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Fig. 10. Effect of the mechanical deformation of the leaves on light interception.
(a) Evolution of the correction factor C, Eq. (18), with elasto-gravity number E at a
latitude 45°N, on summer solstice. (b) Evolution of the limit value C., with the
latitude, 4, for summer and winter solstices, continuous line and dashed line
respectively. (c) and (d) Same graphs but with wind loading. All calculations are
done with A=3.

C. as a function of latitude in the Northern Hemisphere at the two
solstices. Clearly, the deformation of the petiole affects light
interception, but this effect varies significantly with latitude and
day in the year. Overall, in the growing season in temperate and
equatorial zones, the light interception is reduced by petiole
flexibility of 10-20% at most.

Exactly the same procedure may be used to show the effect of
wind on light interception through the deformation of the leaves.
Yet, wind loading has a preferred direction, which is that of wind.
Hence the 2D model given in Section 3 is not sufficient. We
improve it as follows: (a) instead of using a simplified Eq. (12), we
return to the full equation describing the deformation of the
petiole, (b) the loading on a leaf is corrected by a factor cos y
where y is the azimuth angle of the leaf with respect to wind, and
(c) the wind direction is then assumed to be isotropically dis-
tributed. By doing so, a correction factor C may be derived, which
only depends on day, latitude and Cauchy number. The evolution
of C with the Cauchy number is shown in Fig. 10c, for a latitude
45°N at the summer solstice. The light interception is seen to be
enhanced by wind. It reaches a plateau, C, for large values of Cy,
when all leaves are horizontal. Fig. 10d shows the evolution of this
plateau with the latitude, at summer and winter solstices. At the
season of growth, light interception is rather enhanced by wind
(Coo >1).

5. Discussion and conclusions

We have built up a biomechanical model in order to under-
stand the role of the leaf deformation on the Leaf Inclination Angle
Distribution (LIAD). The first issue was to quantify the effect of the
tree geometry, characterized essentially by a branching angle and
an iterative construction. This allowed to derive the Branch
Inclination Angle Distribution (BIAD), which was shown to depend
directly on the branching angle. These results were obtained on
both 2D and 3D tree geometries, and we have shown that 2D
models carry a bias. We have only considered a simplistic tree

geometry, in an idealized form of sympodial architectures. We
expect that more complex tree architectures, such as a mono-
podial one (Rodriguez et al., 2008), would lead to different forms
of the BIAD, but will have a similar dependence on the branching
angle. Similarly, randomness in branching is not expected to
change the main conclusion, namely that the peak of the BIAD
shifts with the branching angle.

Second, we proposed models for the deformation of a single
leaf under gravity or wind loading. These non-linear models are
well suited to represent large deflections of the leaf through
bending of the petiole. Experiments on real and artificial leaves
confirmed their validity. Two dimensionless parameters, the
elasto-gravity number Eg and the Cauchy number Cy, were defined
to scale the magnitude of deformations under gravity and wind
respectively. Such models may be extended in many directions, at
the cost of simplicity by including: (i) other modes of deflection
than pure bending, such as torsion (Vogel, 1992), (ii) non-uniform
or non-isotropic petiole characteristics (Faisal et al., 2010),
(iii) other shapes of leaves (Moulia et al., 1994), (iv) effects of
growth on the petiole geometry, and (v) non-linear elastic proper-
ties of the petiole. These additional effects will probably change
quantitatively the final results of the paper, such as those of Fig. 10,
but are not expected to change them qualitatively: the simple
models used in this paper showed the direct link between leaf and
global parameters. Note that in our approach the elasto-gravity
number E; may change with time for a growing leaf, for instance by
change of petiole stiffness due to a change in turgor pressure.
Similarly, the Cauchy number may change because of wind velocity
but also with petiole stiffness or change of lamina geometry by
reconfiguration (Vogel, 1989; Gosselin et al., 2010).

Third, we combined the preceding geometrical and mechanical
models to derive the LIAD models. We showed that for small
values of Eg and Cy, the LIAD results directly from the BIAD, and
therefore from the branching angle. Conversely, in the limit of
large E; or Cy, the leaves are fully deformed, and the LIAD is
governed by the deformation of the petiole, not the tree geometry.

The main objective of this work was to derive a simple mechan-
istic model of LIAD changes by gravity and wind loadings. Thus for
the sake of simplicity, our elementary biomechanical models do not
take into account other factors that are known to affect the LIAD:
phototropism, gravitropism or growth history. However all factors
affecting LIAD through petiole flexibility such as growth or dehydra-
tion (Faisal et al, 2010; Niklas and Spatz, 2012) can be directly
handled. The issue of leaf flutter is a bit more complex to take into
account for several reasons. First, at the individual leaf level, flutter
may correspond to several mechanism of fluid-structure interaction
and therefore has a complex dependence on the parameters
(Paidoussis et al., 2010). Second, at the tree level, one needs to define
a “dynamic” LIAD for the extension of a single leaf flutter amplitude
model to the leaf population flutter distribution. Finally, the effect of
leaf motion on biological traits such as photosynthesis or water
retention is largely unexplored, outside works such as by Roden and
Pearcy (1993). Although the effect of wind and flutter on light
interception is totally a different issue, our methodology may be of
some help to tackle it. Clearly, our approach differs from classical
LIAD representations where data are fitted with empirical functions
which do not allow predictability. As an application, we have
incorporated our LIAD models in the existing computation frame-
works of direct light interception, using the approach of Monsi and
Saeki (2005) and Pisek et al. (2013). Both gravity and wind were
shown to affect light interception, through leaf inclination. The
proposed approach seems generic enough to be used in the modeling
of many biomechanical effects on statistical populations of leaves in a
tree. Results such as those of Niinemets and Fleck (2002) on optimal
allocation of biomass in leaves for light interception can probably be
extended to more general conditions using the present work.
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