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The wind-induced motion of the foliage in a tree is an important phenom-
enon both for biological issues (photosynthesis, pathogens development
or herbivory) and for more subtle effects such as on wi-fi transmission or
animal communication. Such foliage motion results from a combination of
the motion of the branches that support the leaves, and of the motion of
the leaves relative to the branches. Individual leaf dynamics relative to the
branch, and branch dynamics have usually been studied separately. Here,
in an experimental study on a whole tree in a large-scale wind tunnel, we
present the first empirical evidence that foliage motion is actually dominated
by individual leaf flutter at low wind velocities, and by branch turbulence
buffeting responses at higher velocities. The transition between the two
regimes is related to a weak dependence of leaf flutter on wind velocity,
while branch turbulent buffeting is strongly dependent on it. Quantitative
comparisons with existing engineering-based models of leaf and branch
motion confirm the prevalence of these two mechanisms. Simultaneous
measurements of the wind-induced drag on the tree and of the light inter-
ception by the foliage show the role of an additional mechanism,
reconfiguration, whereby leaves bend and overlap, limiting individual leaf
flutter. We then discuss the consequences of these findings on the role of
wind-mediated phenomena.

1. Introduction

Plants move under wind, as is shown by common experience. These move-
ments have been long observed, and even used as indirect measurement of
the wind magnitude. Still, they were often thought to be of minor importance
for the plant itself, provided that they did not cause breakage or uprooting. In
fact, most of the past research on wind—-plant interaction focused on the fatal
risk that wind might cause to the living plant [1,2]. But wind does affect
plants even in lower wind levels by several ways. Even without considering
wind-induced motion, wind plays a key role in the thermal state of the plant
[3/4], and in gaseous exchanges and transports [5,6]. These two factors are of
the utmost importance in photosynthesis, the motor of plant life [7].

The indirect role of wind on plant life, through wind-induced motions,
is even more diverse, see for instance the review in [1]. Photosynthesis, men-
tioned above, is also directly affected by leaf motion [8,9] that alters light
interception [10] and the airflow boundary layer [5] and, thereby, the thermal
exchange scheme.

It is also now known that deformations such as those induced by wind, are
perceived by plants, resulting in changes in the growth, more particularly in
biomass allocation [11]. But motion is also a dominant factor in seed or
pollen ejection, thereby affecting plant reproduction [12,13]. Motion also affects
the duration of water retention on leaves, a key factor in pathogen development,
and conversely, the capture of pesticides [14-16].

More generally, moving leaves or branches also affect the presence of
insects, and even the damage caused by herbivores [17,18]. Even wi-fi
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transmissions have been found to be affected by the motion
of leaves [19,20]. Recent evidence has shown that wind-
induced plant motion can even affect the gestural language
of chimps in forest environments [21], or communication
between lizards [22].

Finally, the perception by humans of wind-induced
motion of plants is now being explored per se, in the realm
of video games and animation films [23]. Good rendering
of plant motion is a key to realistic outdoor scenes, as
plants are the most common outdoor flexible structures.
However, the computational time required to simulate a
moving tree remains important because of the different
length and timescales present in a tree [24]. Solutions using
lower computational resources like hybrid model merging
physical simulation and random tuned turbulence [25] or
direct motion capture for tree animation [26] are explored.

To summarize, understanding the wind-induced motion
of plants is of interest in many fields of plant science, agron-
omy, biology and engineering. For instance, in biology, it is
essential to understand how trees extract energy from their
windy environment [9], in agronomy, it is essential to under-
stand how foliage motion may improve the efficiency of
pesticide spreading [15] and finally in computer science, it
is essential to make realistic outdoor scenes using low
computational resources [25].

Some distinctions need now to be made on the plant
system that is considered. Differences may be made on the
plant itself (yearly or not, large or small), but also between
canopies and isolated plants. Canopies under wind have
been mostly studied for application in crop science [27-31]:
wheat, rice, alfalfa, for instance, do move under wind, but
more as a continuous medium than as individuals. Conver-
sely trees are more generally considered as individuals
[32-35], whether isolated or in forest canopies. But, more
importantly, they generally have an architecture that is far
more complex than most crops [36]. This appears clearly
when considering the successive levels of branching, from
the trunk to the smallest twigs and the resulting number of
branches. The number of leaves is also very large, up to
10°. We shall focus now on trees, in the sense of a system
made of branches that hold a large number of leaves.

When considering the wind-induced motion in a tree, two
scales are generally considered [1,2]. The first is the large
scale, corresponding to the global swaying of the tree or
branches, and the second, a much smaller one, when a leaf
flutters by itself. Most of the past work on trees has focused
on these two extreme scales, the full tree [35,37-42] or the
individual leaf on a fixed branch [4,5,43-45]. But many of
the effects mentioned above need to be considered at the
level of the whole foliage, defined here as the full set of
leaves, considered statistically [46—48]. When considering
the absolute motion of the foliage, it seems to be a combi-
nation of the small scale motion of the leaves relative to the
branches they are attached to, and the large scale motions
of these branches. There is clearly a need to decipher what
governs total foliage dynamics.

Although models exist for leaf or branch dynamics under
wind, see for instance in Gardiner et al. [2], no experimental
or analytical work has considered the whole foliage of a tree
as a continuous dynamic medium. Recent work has shown
that optical measurement and powerful data processing
allow the extraction of important features from the dynamics
of complex plants systems [49-51]. Moreover, we have

shown recently that it is possible to incorporate wind effects
on the statistics of leaf orientation, for light interception [48].
In this paper, we aim to clarify the relative contribution of
leaves and branches in the dynamics of the foliage as a
whole. For this, we consider a simple enough system, a small
young tree, in a controlled wind environment, a large-scale
wind tunnel, using several independent types of measure-
ments: drag force, light interception and foliage motion.
A comparison with existing models is presented to give a con-
sistent view of the evolution of the foliage dynamics under
wind. The possible outcomes of this work are discussed in §5.

2. Material and methods

A young cherry tree, Prunus Cerasus, is placed in a wind tunnel,
figure 1. Technical details on the material and methods of the
experiments are given in the corresponding appendix. The
view of the tree is essentially that of the foliage, due to the foliage
density. It has a simple architecture with a main rigid trunk and
straight flexible branches holding leaves. Its main characteristics
are summarized in table 1. Tests in the absence of wind enabled
the derivation of the main mechanical and geometrical character-
istics of the tree, of the branches and of the leaves. In the wind
tunnel, an airflow is generated and maintained for several min-
utes at prescribed values of mean flow velocity, between 1 and
about 8ms~'. Note that these are rather low wind intensities
when compared with other tests aimed at the bending and
fracture of trees [39,41,42].

Several types of measurements were made on the tree under
a given wind speed. First, forces and moments at the base of the
tree were measured with a load cell, and averaged over time at a
given wind velocity. Additional tests on wind loads on the trunk
only, after cutting all branches, and elementary force and
moment reconstruction allowed derivation of the drag on the
tree crown only. This will be referred to as the drag hereafter.
Second, using a camera placed on the floor of the wind tunnel,
the light intercepted by the tree was recorded. The relevant
quantity is the normalized light interception, I, defined here as
the fraction of sky occupied by leaves and properly time aver-
aged. Finally, a lateral view of foliage motion was recorded
using a fast camera. The local instantaneous velocity field of
the foliage, v(x,t), was estimated using a tracking method,
which has been shown previously to be particularly adapted
for the measurement of motion in plants [50,51]. The local
variance in time was then space-averaged over the whole
surface occupied by the tree in the picture frame. For each level
of the wind velocity, U, we then have an apparent total foliage
velocity, V, defined as,

V= (@) — @) (2.1)

where ( ); and ( ), stand for time and space averaging, respect-
ively. We also seek to separate the respective contributions of
the branch-induced motion and of the leaf motion relative to
the branch in the total foliage motion. To do so, the original
velocity field, v(x,t), is decomposed using a bi-orthogonal
decomposition, as in [34,52,53]. We then separate these modes
in two groups, based on the size of the part of the foliage
moving in each mode: local (leaf-size) modes and global
(branch-size) modes of motion (see appendix A for details).
These two groups will then be used to reconstruct the total
foliage velocity V as the sum of a global (‘branch-induced” or
‘branch’) velocity and a local (leaf) velocity,

VE=Vi4+VE, (2.2)

where Vi, and V; stand for the branch and leaf velocities,
respectively.
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Figure 1. Schematic view of the experiment.

Table 1. Mechanical and geometrical characteristics of the cherry tree used
in the experiment.
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3. Results

We now present the results of the global measurements on
the tree as a function of the wind velocity. The light intercep-
tion I, figure 24, is found to decrease regularly with the wind
velocity. This corresponds to a reorientation of the leaves and
branches that progressively overlap as is illustrated by the
two inserts of instantaneous view by the camera. Simul-
taneously the drag on the tree crown, D, figure 2b, has a
regular evolution with the wind velocity, but it is seen to
deviate from the classical quadratic dependence on the vel-
ocity as it will be discussed later. For the foliage velocity V,
figure 2c, several features need to be noted on the evolution.
First, V increases only by a factor of about 4 when wind vel-
ocity is increased from 1 to 8 ms L. This is a much weaker
dependence than currently observed in wind engineering of
man-made structure [54]. Second, above about 3ms~!, the
evolution appears to be irregular and marginal.

To separate the respective contributions of the motion of
the branches and of the relative motions of the leaves, the bi-
orthogonal decomposition as defined above is now used on
the foliage velocity field v(x, t). The modes resulting from the
decomposition are characterized by their topos, which identify
where the motion is spatially correlated for this mode and
their chronos, which give the corresponding evolution in
time. They may be separated in two groups, after removing
artificial optical modes: (a) modes with both a wide spatial
support and a low frequency time evolution; (b) modes with
a more localized spatial support and a higher frequency time
evolution. Typical modes from these two groups are illustrated
figure 3a. The large scale motion, in blue, corresponds to the
swaying of a whole branch, while the small scale motion, in
orange, is more at the leaf scale.

Using this set of modes, we may now reconstruct the
specific contribution of the leaf modes to the foliage motion
Vi by summing over all leaf modes, and similarly, the contri-
bution of the branches V. In figure 3b, we show the evolution
of these two quantities with the wind velocity, and their
relative contributions in comparison with the total foliage vel-
ocity V. Surprisingly, very different evolutions are observed
with the wind velocity: the large scale, branch-induced
motion is found to be negligible at low wind, but increases
steadily with the wind velocity and eventually becomes domi-
nant above about 5ms™ . Conversely, the small scale leaf-
induced motion dominates at low velocity, but with a small
dependency on the wind velocity, and eventually even
decreases above 3ms !, with a more erratic evolution.
Clearly, two different mechanisms of fluid—structure inter-
actions are present here, and contribute to the foliage
motion. We now seek to identify these two mechanisms and
relate them to models.

4. Modelling foliage dynamics

Figure 3b shows that the part of the foliage motion due to
branch motion had a rather regular evolution of its magni-
tude with wind velocity. Considering the large variety of
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Figure 2. Global measurements on the tree as a function of the wind velocity U. (a) Light interception /, with instantaneous views from the camera (inserts),
(b) drag on the tree crown D, in comparison with a quadratic dependence on velocity (rigid body), (c) foliage velocity V as defined in equation (2.1).
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Figure 3. Bi-orthogonal decomposition of the foliage velocity. (a) Example of local (leaf) and global (branch) modes. The inserts show the corresponding PSD of the
chronos. The branch mode has a topos, in blue, spanning over a large distance with a low frequency content (about 1Hz). The leaf mode, in orange has a more
localized topos and a higher frequency chronos PSD (about 8 Hz). (b) Total foliage velocity, V (), Leaves velocity, I/, (®), branches velocity, 4, (©). (Online version

in colour.)

possible fluid-structure interaction mechanisms that exist
[55,56], this suggests that it results from the simple elastic
response of the branches to wind turbulence, often referred
to as the turbulent buffeting response. To test this assump-
tion, we derive now the scaling of the dependence to the
wind velocity that can be expected from this mechanism
using standard methods [55]. A first step is to model the spec-
trum of fluctuating velocities. Although turbulence spectra in
the wind tunnel may differ slightly from outdoor wind spec-
tra, we use a typical von Karman spectrum [57], with a
characteristic length of the scale of a metre. The typical fre-
quency of motion of the branch modes being of the order
of 1Hz, the reduced von Karman frequency is larger than
0.1 aslong as U <10m s L. In those conditions, the autocor-
relation spectrum of velocity fluctuations, S,, scales as us’?
[57]. The amplitude of vibration of an elastic medium to
such fluctuations, considering the flow induced damping,
scales as U'/° (see appendix B). Figure 4a shows that the
part of the observed motion due to branches has a depen-
dence on the wind velocity with a slope that is compatible
with this elementary model. We may conclude that the part
of the foliage motion due to large scale, coherent, low-
frequency branch motion is here most probably due to the
elastic response of foliage to the wind turbulence.

For locally correlated motions, a very different evolution
is observed, and recalled in figure 4b. As noted above, the
evolution of the leaf motion is here weakly dependent on
the wind velocity. This small dependence with the flow vel-
ocity suggests that turbulence buffeting does not play any
role. An alternative fluid—structure interaction mechanism,
torsion flutter, has recently been shown to exist in leaves
[45]. Contrary to turbulent buffeting it results, for a given
leaf, in a sudden increase of oscillations once a critical
velocity is reached. This critical velocity can be estimated
based on the geometry and mechanical characteristic of the
leaf, and its inclination with regards to the wind, see Tadrist
et al. [45]. Using data measured on the leaves, table 1, a criti-
cal velocity can be estimated here at U, = 1.35ms ™ *. This is
the lowest velocity from which a leaf of the foliage is expected
to flutter, see appendix B. For leaves with other orientations,
the velocity from which flutter starts is higher, but as noted in
Tadrist ef al. [45] a large majority of the leaves will flutter for
wind velocities at 50% above this critical velocity. Moreover,
tests on individual leaves in a wind tunnel showed that for a
fluttering leaf the amplitude of motion reached a limit value
at about 30% above critical velocity. Hence, we expect that the
part of the foliage velocity due to leaf flutter will start at
about 1.35ms !, increase regularly as more and more
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Figure 4. (a) Part of the foliage motion due to branch motion. (°) Experimental data, (—) scaling law using a standard model of turbulent buffeting. (b) Part of the
foliage motion due to leaf flutter. The value of U/U, = 1 in the scales corresponds to the predicted onset of leaf flutter. The value of (, = 1 corresponds to the
onset of significant change of orientation of leaves, called reconfiguration. (c) Reconfiguration number based on the drag measurement on the whole tree. The line
corresponds to the scaling predicted by theory [59]. Reconfiguration is found above (, = 1, as predicted.

leaves flutter and as each leaf reaches its limit cycle. Satur-
ation of the level of foliage motion due to torsion flutter is
expected at about 2.6ms~'. This is fully compatible with
the observation of a large amplitude of motion for small
velocities and a weak dependence on wind velocity.

To understand the more erratic evolution of the leaf-
induced motion above 3ms ™, closer attention needs to be
paid to the measured light interception I and drag D. As
noted above, light interception, which is an indirect measure
of the average deformation of the foliage is strongly modified
by the wind velocity (figure 2a). Leaves are observed to pro-
gressively reorient and even overlap at the highest velocities,
resulting in a decrease of light interception from 0.7 at rest to
0.5 with the highest wind. This is expected to alter their ability
to flutter, because of contact between leaves. Another indirect
measure of this static deformation of the leaves is seen on the
evolution of drag on the tree, figure 2b. If the leaves were unde-
formed, the drag would be expected to grow as U?, as on any
system at high Reynolds number. We have noted that its evol-
ution is not always quadratic with the wind velocity. This is a
common feature of drag over flexible bodies, called the recon-
figuration effect [58], and has been abundantly documented
for plants, see for instance in [2,59-61]. To characterize this,
the appropriate dimensionless number is the reconfiguration
number R, defined as the measured drag referenced to the
drag on the body if it did not deform. While the former is
measured, the latter is usually extrapolated from measures of
drag at velocities where the object of interest does not
deform. A reconfiguration number lower than one implies a
drag reduction due to flexibility. In figure 4c, the reconfigura-
tion number deduced from the data of figure 2c is shown as
a function of the wind velocity. Clearly, a change of regimes
appears above about 2ms~'. As most of the drag on the tree
comes from the leaves, this change of drag regime is a sign
that leaves have significantly deformed under wind. This is
compatible with the previous observation, through the value
of the light interception. The threshold for this reconfiguration
is known to be related to the value of the Cauchy number [1,59,
62,63] which scales the fluid loading to the flexibility of a
deformable body. The critical value of C,=1 would be
reached at about U=32ms using the data from table 1
and from [48], see appendix B. The Cauchy axis is reported
in figure 4b,c, and the onset of reconfiguration at C, =1 is

compatible with the change of regime. Moreover, the slope of
the decrease in drag predicted by the theory, U~%/? [59], is
also compatible with the data. This further confirms that a
very significant static deformation of the leaves exist above a
few metres per second. In terms of foliage velocity caused
by leaf motion, this additional mechanism limits also the
motion of the leaves, in a more erratic way as the leaves
progressively bend, then overlap and clump together.

To summarize, we may now state that the motion of the
foliage, as observed in our experiments, is the combination
of branch motion due to turbulent buffeting with leaf torsion
flutter, eventually altered by leaf deformation and overlap-
ping at higher velocities. More generally, we expect that
foliage motion under wind will be dominated at low
velocity by high frequency, large amplitude, velocity inde-
pendent individual leaf motions, and at high velocity by
branch-induced, large scale, velocity-dependent motion.

5. Discussion

The main finding of this work is that two distinct mechanisms
contribute to the motion of the foliage, at low or at high vel-
ocities. The cross-over between leaf-dominated motion and
branch-dominated motion occurred, in our experiment, at a
few metres per second. The upper limit of 8m s~ used here
corresponds to a strongly deformed foliage, and is somehow
the upper limit of foliage motion for that tree. The lower limit
of Tms™! is typically the velocity at which plants start to
move. An analysis in terms of flutter critical velocity and
Cauchy number would be necessary to adapt those limits to
other trees. The tree we used in this experiment was chosen
for its simple structure, both in terms of architecture (a single
level of branching) and of foliage (homogeneous leaf character-
istics and implantation in the tree). Its foliage was found, using
[45], to be of simple mechanical behaviour. However, this tree
has undergone significant artificial selection as it is used to pro-
duce cherries but we do not expect that this tree has been
artificially selected according to its ability to flutter or resist
winds and we do not consider that this tree is specifically repre-
sentative of a larger population. Nevertheless, we expect that
the two mechanisms we identified will be present in the
response of most of the trees with leaves.
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The remaining question is how the characteristics of a
given tree play a role in the relative contribution of each of
the two. We focus here on the geometrical characteristics, com-
paring small trees and tall trees, with small leaves or large
leaves. To do so we explore how the foliage velocity at a
given wind velocity would change if all geometrical character-
istics were scaled by the same factor 3, see appendix B for the
following derivations. Leaf flutter only depends on the local
characteristics of the leaves. The level of leaf-related foliage vel-
ocity would scale as 8° and therefore not depend on the size of
the leaves. Branch turbulence buffeting has a more complex
dependence on the characteristics of a tree. If all lengths are
scaled by a factor B, the velocity at a given wind velocity is
found to vary as B~ '/?, which is a very weak dependence.
On the axis of the wind velocity, the critical values will not
change much either: the critical velocity for flutter U, see
equation (B 4), scales as B large or small leaves start to flutter
at the same wind velocity. The elastic reconfiguration, con-
trolled by the Cauchy number will not be dependent on the
geometrical scales, as C,, equation (B 6) varies as B°. Finer allo-
metry models might be taken into account but are not expected
to change these scaling significantly, see for instance in Rodri-
guez et al. [64]. By this, we may infer that we expect the
behaviour observed for our small tree to exist over a wide
range of sizes of trees: first leaf flutter then branch buffeting
above a few metres per second. As a conclusion, we may
state that the behaviour of the foliage observed in this exper-
iment would probably be found similarly in larger trees with
larger leaves. Of course, varying independently the size of
the leaves and of the tree and branches is feasible, with the
models used here. But, again, as all quantities are weakly
dependent on size, the relative contribution of leaves and
branches to foliage motion is not expected to be much altered.

The experiment presented here, and the models we used,
were not designed to study all the geometrical and mechanical
factors that may play a significant role in the dynamics of var-
ious kinds of foliage. Some questions remain completely open.
For instance, the dense foliage of a larger tree will have a
motion that is certainly not uniform: the wind velocity will
be lower inside the tree volume, but with a higher level of fluc-
tuations [65]. The respective contributions of flutter and of
turbulent buffeting might be different. Similarly, a larger tree
with a higher level of branching is known to have a richer
branch dynamics [64], which will result in a wider contribution
of the branches in the dynamics of the foliage. This might also
permit efficient damping (nonlinear transfer of energy) from
the trunk and large branches to smaller branches and twigs
[66]. Torsion flutter may also not be the only fluid—structure
interaction mechanism at the leaf scale: for some leaves,
coupled-mode flutter or vortex-induced vibrations [67] may
contribute to the foliage motion. More generally, a noticeable
variability exists inside a given tree, between individuals or
among species on the geometries and material characteristics
of all the components of the plant, from the leaf thickness to
the angle of branching that affect foliage dynamics, according
to the models we used here.

In all this work, we have considered the velocity of the
foliage as the quantity of interest for the foliage dynamics.
When referring to the numerous fields of applications men-
tioned in the introduction, finer analysis is needed to state
whether foliage displacement, velocity or acceleration
should be considered. Velocity is probably the quantity of
interest for visual perception (human, animal) [24-26] and

wi-fi interception [19,20]. The decoupling between large scale n

motions and small scale motions, as suggested for realism in
Selino & Jones [25], and experimentally shown here may be
sound foundations for making realist virtual scenes in compu-
ter science. For water or insect retention, models of separation
will rely on the acceleration of the foliage [16—18]. Accelera-
tion, in our oscillatory motions, scales essentially as the
velocity times the frequency of oscillation. We found that the
local, leaf-size modes had a frequency of oscillation that was
much larger than that of the global branch-size bending
mode. Hence, the level of acceleration of the foliage is expected
to be even more dominated by leaf flutter than for foliage vel-
ocity. Branch induced acceleration would require significantly
higher winds. As a consequence, models of water or insect
retention need only to take into account the motion of the
leaves relative to the branches, not whole foliage motion.
Conversely light capture by a given leaf depends on the
change of orientation of the leaf, and therefore on foliage dis-
placement rather than on velocity. As displacements scale as
velocities divided by the frequencies, the role of branch
motion might then become dominant.

Our experimental results, and their comparison with
simple engineering-based models, show for the first time
that the global motion of foliage is the combination of two
very distinct mechanisms at two distinct scales in the tree:
the leaves and the branches. Considering the wide range of
applications involved in plant science, biology and engineer-
ing, it is hoped that our preliminary findings will allow
developing new models in these fields.
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Appendix A. Material and methods
A.1. Data acquisition

The experiment was carried out in a wind tunnel of test sec-
tion (5 x 6 m), at CSTB, Nantes in France. The wind speed
was varied step by step from 0.9 to 7.5ms at the wind
tunnel command. For each step, the wind velocity was set
for 90 s before we started recording to avoid transient effects
on the airflow. The actual wind speed at the tree level was
measured by a helix anemometer. Images and drag were
recorded for 30 s at each step. The tree was a Prunus Cerasus,
variety Hedelfingen giant of about 3m high placed at the
centre of the wind tunnel test section. It was grown in a pot
within a wind-protected area. Its root system is expected to
be less extensive than that of a tree grown in nature. The
range of moderate wind velocities used in the experiment
are far below the wind velocity necessary to uproot a tree,
thus the anchorage of the tree is not crucial. Moreover, to
assure better anchorage we decided to maintain the basis of
the trunk and the pot with additional stiff ropes to avoid
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any influence of particular lower mechanical boundary
conditions. As such the first mode of the tree (in the sense
of [64]) was not found in the response under wind.

Tree motion was recorded by two high-speed cameras. The
first camera was a Lumenera Lt225C fitted with a wide angle
lens Pentax C30823KP—-C814-5M. This camera was monitored
with the StreamPix software. USB 3 connection and SSD
disks were able to record 160 full HD frames (2048 x 1080
pix) per second without memory limit. The camera was
oriented orthogonally to the airflow to record one side of the
tree. Those images were used to compute the foliage velocity
V. The second camera was fixed on the ground and oriented
upwards. This camera was filming at 250 image per second
for 20 s with large resolution (1024 x 1024 pix). Those images
were used to compute the light interception 1.

The tree was placed on a six axis load cell at the centre of
the test section. Drag was recorded from the load cell using
the CSTB wind tunnel facilities for each step at a fixed
wind velocity. Before each new drag measurement, the load
cell was zeroed.

A.2. Data analysis

For each film corresponding to one wind-velocity step, the
sequence of frames was analysed using the KLT-flow
option of the CR-toolbox [50] for Matlab (Eulerian tracking
method). For each frames, 2000 points with the parameter
value distance set at 6 were tracked. The toolbox output was
the velocity field of the foliage.

For each wind-velocity step, the foliage velocity field was
separated into spatio-temporal modes both orthogonal in
space and time with the BOD algorithm [68]. The modes in
space are 2D velocity fields, called topos. At each fopos is
associated a temporal evolution called chronos. Examples of
such modes are displayed figure 3a. At this step, we discard
optical modes with too high-frequency content correspond-
ing to foliage self-overlaying or tracking errors. The
rejection criterion is a mean power spectral density (PSD)
between 0 and 15Hz smaller than 1.3 times the mean PSD
between 15 and 80 Hz.

Separation between leaves modes L and branch modes B
is done through a spatial criterion. If p is the mode perimeter
and s is the mode surface onto the fopos norm map. If s/p < 1
cm, the mode belongs to the leaf family. Contrary, if s/p > 1
cm, the mode belongs to the branch family.

The light interception is computed with the images of the
foliage recorded underneath the tree. Each image is thresh-
olded black and white to separate the foliage from the sky.
The instantaneous normalized light interception of the tree
is computed as the surface of the foliage (black) divided by
the total surface of the picture. This value is averaged over
the full image sequence for each step in wind velocity.

Appendix B. Models
B.1. Turbulence buffeting of the branches

We consider a branch as a single-mode structure of mass M
and eigen frequency (2 excited by wind turbulence. The
branch is immersed in a mean fluid flow that damps its
motion. The resulting reduced damping is proportional to
the mean wind velocity, U, as é= UpS Cp/20M [55],

where p is the air density, S is the total area of leaves held

by the branch, Cp, is the drag coefficient of the branch. Con-
sidering the resonant response of the branch to the wind
turbulence, it is well accepted that the wind turbulence
creates a rms displacement Q scales as, [55],

) (S Coll)?

Q 26(PM2L2

Su(€D), (B 1)

where Ly, is the length of the branch and S, is the power spec-
tral density of the wind velocity fluctuations. In the
following, S, is the von Karman model of turbulence [57],
41,02 1

U (1+70.7(0,/27)?)"

Su() = (B 2)
where [, ~ 1 m, and o0,,/U =~ 0.1. For frequencies smaller than
1Hz, we have S, o< U%/3 as long as U < 10 ms~ . One finds
Qo U6,

If all dimensions are scaled by a factor 8, we have S, oc B°,
Lyoc B, Moc B2, Qoc D/I2\/E/poc B! and S/&oc OM o< B2,
Finally Q scales as B~ /% The velocity of the branches scales
as Lp,£2Q and therefore

Vy o< 712, (B 3)

B.2. Leaf flutter

The flutter instability is known to start at different wind vel-
ocities depending on leaf orientation and leaf mechanical
properties [45]. A simple criterion defines the critical wind
velocity for a leaf to flutter,

40mm; f14

— UTMsha B 4
¢ 3pcos ysin &’ (B 4)

where m; is the surface mass density of the lamina, f; is the
leaf natural frequency in rotation, § the structural damping
of the leaf, p the air density and y and & two angles defined
with the leaf normal vector, the wind direction and the axis of
rotation of the leaf. The typical leaf geometrical and mechan-
ical characteristics, table 1, with y=0 and 6= 7/2, allow
computation of the critical wind velocity, u®=135ms .

The fluttering velocity scales as the product of the leaf
torsional frequency by the width of the lamina Vo< fiw;.
The leaf torsional frequency reads

Gt} B
oC -
fl Plew?thll ( )

where G is the shear modulus of the petiole, p; the density of
the leaf, t, and L, the thickness and the length of the petiole,
f, wy and L; the thickness, the width and the length of the
lamina.

Consider now a different tree, where all dimensions
(length, width and thickness) are scaled by a factor B. The
level of foliage velocity induced by flutter will scale as fiw,/2,
where f; is the frequency of torsion of the leaf, and w, is the
width of the lamina. The frequency of the torsion mode
essentially depends on the torsional stiffness of the petiole
and on the mass of the lamina, the frequency of the mode
in torsion would scale as B~ !. Therefore, the level of leaf-
related foliage velocity would scale as B°. Similarly, the
critical velocity for leaf flutter vary as U, oc 8 and is also
independent of leaf size.
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L, is the length of the petiole, L; (respectively, w;) the

B.3. Reconfiguration threshold , ; : :
length (respectively, the width) of the lamina and p the air

The Cauchy number for leaves may be defined as the ratio of
bending moment of the leaf to the elastic response of the petiole

where U is the wind velocity, B is the rigidity modulus of the
petiole (product of the Young modulus by the second moment
of area, for a cherry tree), and is typically 10~ *kgm’s 2, [48].

B pU?mLiw L,

= 8B

density. Typical values of mechanical parameters for the

cherry tree are gathered in table 1. One computes the

(B 6)

wind velocity U=32ms" .

regime crossing, C, = 1, where leaves start to deform, for a

1

Again, if we scale all dimensions by an allometric factor 3,
we have B < 8%, Lpoc B, Ly oc Bt and w, oc BL. The Cauchy
number is not affected by this allometry, C, o B°.
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