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Abstract

Plant vibrations is a wide subject that covers topics ranging from the swaying of trees under wind to elastic waves 
made by an insect on a leaf to communicate with its neighbors. For this reason, the state of the art is somehow frag-
mented over several communities. This review aims at giving a general overview of the main results and challenges 
in plant vibrations. Several scales are considered, from the very small and local, in leaves or fruits, to large canopies 
of many plants.
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Introduction

Plants, in the widest definitions, have been recognized as 
mechanical systems: this led to a definition of the general field 
of plant biomechanics (see, for instance, Niklas, 1992). Their 
mechanical characteristics such as their elastic stiffness have 
been widely documented. The deformation under gravity or 
wind loading, and the risk of loss of stability, for instance by 
lodging or buckling, could be assessed. More generally, even at 
the cell level, where turgor pressure is a key load, a mechan-
istic point of view has allowed a better understanding of how 
plants live and die (Niklas and Spatz, 2012). However, plants, 
and their substructures, have not only stiffness but also inertia. 
Because of this, they are susceptible to all dynamic effects such 
as elastic wave propagation and vibration.

The purpose of this review is to try and give a general under-
standing of the present knowledge and forthcoming issues in 
these aspects. The author is a mechanical engineer, as will be 
clearly apparent to botanists, who has been working in this do-
main for ~20 years, and has been fascinated by the variety of 
questions that arise in plant dynamics and vibrations.

The canonical case of plant vibration is that of the free 
oscillating motion of the stem of a plant after a gust of wind. 

This is ubiquitous, but is only one of the many cases where dy-
namic effects play an important role. To obtain a more general 
view, one needs to consider the range of length scales involved. 
Below the level where plant sway motion occurs (Fig. 1a), dy-
namics are also present in subsystems (Fig. 1b), for instance in 
the swaying of branches, the flutter of leaves, or the oscillation 
of fruits. It may also play a role in wave propagation in stems 
excited by insects. At a scale above the plant level, dynamic 
interactions between plants occur when they touch each other 
in their oscillation. Finally, considering a large number of plants 
(Fig. 1c), one may also consider crop, kelp, or forest canopies 
as porous and elastic media that interact with the surrounding 
flow (de Langre, 2008).

As a consequence, there is a very large variety of motivations 
for the exploration of dynamic effects in plants. The most de-
veloped one is certainly plant, particularly tree, vulnerability to 
wind loading (Gardiner et al., 2016). In such a case, the rapidly 
fluctuating nature of wind needs to be considered, not just its 
time average magnitude. A lot has been done to measure and 
model tree dynamics (see, for instance, Moore et  al., 2018). 
Branch dynamics followed, as it clearly appeared that a tree 
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sway involved such motion (James, 2003). In water, the strong 
oscillating loading by waves has also been considered as a dy-
namic loading (Denny, 2014).

However, the lower scale level has also retained growing 
attention. Leaf fluttering and, more generally, foliage motion 
has been studied within the scope of photosynthesis (Burgess 
et al., 2016), gaseous exchange (Grace, 1978), water retention, 
or herbivore attacks (Yamazaki, 2011; Appel and Cocroft, 2014; 
Warren, 2015). Fruit motion, such as that of olives (Tombesi 
et  al., 2017) and citruses (Torregrosa et  al., 2014), is a rather 
specific domain, because motion is then caused artificially by a 
shaker, as a means of harvesting.

These levels of motion, from organ to whole plant, have 
also interested electrical engineers for their effects on Wi-Fi 
transmission (Pelet et al., 2004). In relation to visual percep-
tion by humans, the graphic rendering community for video 
games and animated films has put great efforts into modeling 
plant motion (see, for instance, Diener et al., 2009). Not only 
humans are visually affected by plant motion: primates and 
lizards are known to adapt their gestural language in the 
presence of moving plants (Peters et  al., 2007; Roberts and 
Roberts, 2015). However, plants are also wave-bearing sys-
tems: insects communicate using elastic wave propagation 
along stems (Cocroft and Rodríguez, 2005). Motion of can-
opies has been considered in crop science, for the purpose of 
avoiding lodging, but also in seed and pollen propagation and 
capture (Nathan and Katul, 2005). In addition to all these, 
plant motion has been identified as a major factor in plant 
thigmomorphogenesis and proprioception (Coutand et  al., 
2009; Bonnesoeur et  al., 2016; Hamant and Moulia, 2016; 
Nicoll et al., 2019).

Vibrations are also a way for testing: the time of flight of 
acoustic waves or the frequency of acoustic resonance are re-
liable ways to infer elastic properties of wood for tree and log 
segregation (Apiolaza, 2009; Legg andBradley, 2016) or to es-
timate the moisture content in the wood, which is related to 
wood color (Suyama, 2014). Recent developments include the 
use of vibrations for high-throughput phenotyping of plants 
(de Langre et al., 2018; Nakata et al., 2018), or ripening tests 
(Hou et al., 2018).

Considering all this variety of scales and applications, some 
clarification is needed. Below we shall first recall the concepts 
in dynamics and vibrations that will be used thereafter. The 
plant scale level will be addressed in a subsequent section, fol-
lowed by smaller scales, from leaf to fruits, and larger scales. 
Experimental methods, and some more advanced topics, are 
discussed in the final section.

Some useful concepts in vibrations

We first recall some elementary concepts and models in dy-
namics and vibrations. More details may be found in classical 
textbooks (Weaver et al., 1990; Graff, 2012; Thomson, 2018).

Modes and waves

A first note must be made on the amplitude of the motions that 
are considered. If they are small enough, in comparison with 
the size of what is deformed, the whole framework of linear 
dynamics and vibrations is applicable. Provided the system 
(plant, fruit, canopy, etc.) is assumed to respond elastically and 
to have some inertia, some coupling may then occur between 
the spatial variations of deformations and their temporal vari-
ations. This is the general field of dynamics. This coupling may 
materialize in propagating (elastic) waves, such as those sent by 
insects to communicate through a stem: a local deformation 
is propagated. It may also materialize as vibrations, where de-
formations do not propagate but oscillate in place, such as in 
the swaying of a full tree. In the latter case, a very important 
concept of linear vibration theory can be used, which is that 
of vibration modes. A mode of vibration refers to a particular 
shape of free motion that can oscillate in time, eventually dying 
out. It is defined by its shape in space (the modal shape), its 
oscillation (the frequency), and the way in which it decays in 
time (the damping). Vibrations according to modes are ob-
served when the system is left free to vibrate after an initial 
perturbation. An elastic systems has a very large number of 
modes, so that one, or another, or several simultaneously may 
be observed in a given situation of loading. For instance, refer-
ring to the tree as a model, we can observe bending modes and 
torsion modes, and more localized bending modes of branches. 
Modes are a fundamental part of linear vibrations, because they 
can be used to reconstruct any motion of the system by com-
bining their response: they are intrinsic quantities. Actually all 
respond to excitations in a similar way, which is that of a mass–
spring–damper oscillator, as illustrated in Fig. 2a. Therefore the 
canonical equation for vibration reads

MẌ + CẊ + KX = F� (1)

where M is a mass, X (t) is the modal motion of interest, Ẋ 
and Ẍ are the corresponding velocity and acceleration, C is 
a damping coefficient, K is a stiffness, and F (t) is the applied 
load. This equation applies to mass–spring systems, but also, 
quite generally, to any modal response. It is therefore useful 
to consider how a mode reacts to forcing, which can be an 
impulse loading such as with a hammer, a pull and release, a 
sinusoidal loading such as with a shaker, or a more complex 
quasi-random loading such as by wind. Impulse loading and 
pull and release both result in a free oscillation at the frequency 

of the mode f0 = 1/(2π)
√
K/M

√
1− ζ2  with a damping 

factor ζ = C/2
√
KM ; Fig. 2b). A sinusoidal forcing results in 

an oscillation at the frequency of forcing, at an amplitude that 
depends on the frequency of forcing, f, with a high ampli-
tude called resonance if the forcing and modal frequency are 
close (Fig. 2c). The response to random loading is a bit more 

(a) (b) (c)

Fig. 1.  A schematic view of the scales where vibrations occur in plants: 
(a) swaying at the plant scale; (b) motion of subsystems such as branches, 
leaves, or fruits; and (c) motion of a whole canopy, as a continuum.
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complex: the motion is also random, but its spectral content is 
higher in the range of the frequency of the mode. Damping re-
duces the time of free oscillation and the amplitude of response 
under oscillating or random forces.

In continuum systems that have both stiffness and inertia, 
elastic waves can propagate. In that case the velocity of propa-
gation (Fig. 2d) depends on both the property of the system 
(stiffness and inertia) and the characteristics of the wave, such 
as its wavelength.

Models

Numerous models are in current use to represent these ef-
fects. Because it satisfyingly represents the response of a mode, 
the mass–spring–damper oscillator model above is much used. 
However, the meaning of the parameters and their relationship 
to what is known of the plant (geometry, stiffness, etc.) is not 
straightforward, except for some simple geometries such as a 
fruit or a leaf. When considering stem vibrations, particularly 
in pole-like trees, models of bending beams are quite useful. 
Here, the stiffness and mass are continuously distributed along 
a particular axis. For instance, in a straight beam, the transverse 
displacement Y (x, t) satisfies

BY (4) + mŸ = F,� (2)

 where B is a bending stiffness, m is a mass per unit length, Y(4) is 
the fourth derivative in space, Ÿ is the acceleration, and F (x, t) 
is now a local load. In the absence of load, this leads to bending 
modes that can be determined easily (Weaver et al., 1990; Fig. 3a).  
For more complex geometries, for instance branched, numer-
ical methods such as the Finite Element Method are needed to 
solve the differential equations. In terms of wave propagation, 
simple models are available to relate the velocity of the wave 
to the frequency of the excitation, when the bearing medium 
is a beam in bending (for a stem), or a plate (for a leaf), or a 
continuum canopy with interacting plants. Models also exist to 
take into account in a simple way the presence of the fluid sur-
rounding the vibrating system (see, for instance, Blevins, 1977; 

Païdoussis et al., 2010; Axisa and Antunes, 2006). If the fluid is 
barely moving by itself, its presence can be taken into account 
by simple changes in the oscillator equation above; the mass 
would increase, the stiffness would increase by buoyancy (an 
important effect in water), and damping would also increase 
because of the viscosity of the fluid. If the fluid does move by 
itself, wind, or current, many phenomena may interfere with 
the dynamics of the solid: forcing by vortices, strong coupling 
between the solid motion and the flow that decreases the ap-
parent stiffness and the damping, up to flow-induced instabil-
ities. As an example of flow-induced instabilities in plants, one 
may cite leaf or kelp blade flutter, but also in some aspects crop 
canopy oscillations under flow. All these may and do happen 
for plants, and affect plant vibrations either as causes or as 
perturbations.

The characteristics of the modes (shape, frequency, and 
damping) may also be obtained from experiments. Considering 
the complexity of the geometries, and of materials, this is often 
the only way to obtain reliable data. Exciting the mode can 
be done by impact, pull and release test, sinusoidally shaking 
(shaker), or, more complex, a natural random loading. Measuring 
the motion involves traditional techniques in vibration en-
gineering such as accelerometers, strain gauges, optical target 
monitoring, electromagnetic tracking, and laser vibrometers. 
However, video image processing has developed a lot, allowing 
both high speed and high spatial resolution, with simple port-
able devices, at the cost of intensive image processing.

So far we have essentially defined these motions by the 
displacement in the plant. However, strain of tissues which 
can be derived by taking the spatial gradients of the dis-
placement are of interest for fracture, but also in models of 
thigmomorphogenesis (Coutand et  al., 2009). As noted in 
Tadrist et  al. (2018) for foliage dynamics, displacement may 
be relevant for light capture, but velocities are the quantities 
of interest for perception (human or animal) and Wi-Fi inter-
actions, and accelerations for water and insect retention.

At this stage, one may expect some general trends on dy-
namics in plants, considering their specificities and differences 

f0f

X
X

t
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M

Fig. 2.  Elementary concepts: (a) mass–spring–damper oscillator; (b) free oscillation; (c) resonance curve; and (d) propagating wave.

(a) (b) (c) (d) (e)

Fig. 3.  A schematic view of dynamic deformations: (a) bending mode of a clamped-free beam in bending, or global swaying mode of a plant; (b) local 
bending mode of a branch; (c) torsion mode of a leaf; (d) pendular mode of a fruit; and (e) canopy wave or honami.
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from more classical mechanical systems in engineering. First, 
plants are rather softer systems, by both their material and 
geometries, than many man-made systems of comparable size. 
As such, the frequency of free oscillation f0 is expected to be 
lower. In fact, most frequencies found at the plant scale or 
organ scale are of the order of 1 Hz or 10 Hz, which is quite 
low in vibration engineering for systems of the size of plants. 
Secondly, because of the complex architecture of plants, one 
may expect a multitude of modes to play a role. For instance, 
whereas a simple beam has well-separated bending modes, in 
a tree with 104 leaves there will be vibration modes for all 
and every leaf, at very similar frequencies: the modal density is 
huge. Finally, because of their flexibility, plant deformations are 
expected to be of the order of their dimensions, even under 
small loads, and the limits of the framework of linear vibrations 
and waves may be reached. Still, dynamics and vibrations are 
worth studying in plants, and reveal astonishing features.

Dynamics at the plant scale

Schematically representing a plant by a flexible system of stems 
and leaves anchored in the ground, a mode of vibration can be 
observed corresponding to the whole swaying of the plant (Fig. 
1a). In such a mode, schematically, the strongest bending occurs 
in the lower part of the plant, the upper part of the plant thus 
being rotated during the sway. The frequency of the mode will 
depend on the stiffness of the stem, on the inertia of the whole 
body, and of course on the size of the plant. This mode will be 
found at all scales, from the small shoot to the largest trees. It is 
actually a double mode, as the plant may oscillate in any direction.

Experiments

Measuring the frequency of this mode is rather straightforward: 
exciting the plant by impact, or more efficiently by pull and 
release, and counting the time of a period. Even a shaker can be 
used, looking for resonance. Strain gauges on trees, accelerom-
eters, or, quite easily now, videos are easily used and processed, 
as the motion affects the whole plant. Some examples are given 
in Farquhar et al. (2000); Rudnicki et al. (2001); Brüchert et al. 
(2003); Moore and Maguire (2005); Schindler (2008); Kane 
and James (2011); Rodriguez et al. (2012); Kane et al. (2014); 
and Kovacic et al. (2018). Measuring the damping requires that 
the sway is not too damped, so that its decrease is observed over 
a few periods or, if artificially forced resonance is considered, 
that a fine analysis of the resonance response is done. Even for 
such a simple motion of the plant, the accurate determination 
of damping is always much more difficult than that of the fre-
quency: the idealized model of linear damping does not really 
apply for such complex systems, and damping is often found 
as a consequence to depend strongly on the amplitude of mo-
tion. Moreover, the high level of damping often does not allow 
fitting the parameters on a long enough signal of free decay. 
The modal shape, finally, is easily obtained from video analysis, 
although this may only give a partial knowledge of the motion, 
as some parts may be hidden. However, this is not an important 
issue as the plant does move as a whole in its upper part. The 

motion may be more complex than that idealized above; for 
instance, a whole plant motion may include some torsion, as 
in trees with asymmetric crowns (Skatter and Kucera, 2000; 
James, 2003).

To draw a general picture of what is known abour these 
modes in plants is somewhat oversimplifying, but some trends 
appear. First, the frequency of oscillation f0 depends on the size 
of the plants but within only about one order of magnitude, 
which is not much considering the variety of sizes: for instance 
a few Hertz for wheat in Py et  al. (2006) and 10 times less 
for trees in Moore and Maguire (2004). Secondly, the modal 
damping ζ varies a lot between species and individuals. It is 
clearly affected by the foliage, the stem lignification, and the 
complexity of the architecture: dampings of the order of 5–20% 
are common in plants on the first mode of swaying (Milne, 
1991; Brüchert et al., 2003; Spatz et al., 2004; Speck and Spatz, 
2004; Moore and Maguire, 2005; Spatz and Theckes, 2013; 
Gardiner et al., 2016). This allows a few oscillations before stop-
ping. Removing leaves on a giant reed (Speck and Spatz, 2004) 
or preventing crown contact by pruning shows that damping 
is not caused by just one mechanism: interaction with the sur-
rounding fluid, internal dissipation, or contact with other plants. 
For aquatic plants, overdamping with the damping coefficient 
>1 is common, so that no free oscillation is generally possible.

Models

In terms of modeling, an immediate parallel can be made to the 
classical clamped beam and its first mode of vibration (see Fig. 
3a). In such a model, the mode shape and frequency can be com-
puted, and the mode shape resembles what is observed in plants. 

The frequency f0 of a uniform beam is of the order of 
√
B/mL2 

where m is the mass per unit length of the beam, B is the bending 
stiffness, and L is the length. In a plant, the mass is not uniformly 
distributed, nor is the bending stiffness, which depends on the 
diameter of the stem, but this formula gives a first-order approxi-
mation. The more important result is the dependence on the size 
of the plants. Assuming that the mass per unit length m scales as 
the cross-sectional area and that the bending stiffness B scales as 
that of a cylindrical beam, which scales as the D4, the frequency 
should vary as D/L2 (Gardiner, 1992; Moore and Maguire, 2004). 
The other parameters, the density and the stiffness of the tissue, 
are not expected to vary much across species or individuals. 
The length and diameters are generally thought to be related 
by simplified allometry laws where the diameter D varies as Lβ, 
and, as a result, the frequency would vary as L(β−2). The value 
of β varies enormously among plants but, if a value of 1.5 was 
assumed (McMahon and Kronauer, 1976; Moulia and Fournier-
Djimbi, 1997; Rodriguez et al., 2008), the frequency would only 
weakly vary with length, as L–1/2. This first-order model may be 
and has been considerably refined, considering beams of vari-
able sections, local loads of crowns, and more realistic geometries 
with numerical methods (Fournier et  al., 1993; Kerzenmacher 
and Gardiner, 1998; Sellier et al., 2006; Murphy and Rudnicki, 
2012; Pivato et al. (2014). Interestingly, as the frequency of the 
first mode of oscillation of a tree also depends on the mass of the 
foliage, it is affected by the presence of intercepted rain (Selker 
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et al., 2011). Root anchoring, which is not a perfect clamp but has 
some rotational stiffness (Neild and Wood, 1999), does not seem 
to influence the frequency a lot, except in water-saturated soils. 
Numerical modeling of the whole plant by Finite Elements does 
provide accurate information on these modes (Sellier et al., 2006; 
Rodriguez et al., 2008), but requires some detailed knowledge 
of the geometries, which is often not available. For plants under-
water, the stiffness is greatly affected by buoyancy forces, without 
which the plant would often not even stand up. Moreover, the 
inertia to be considered includes then the added mass, which 
corresponds to the entrained mass of water in the motion and de-
pends a lot on the geometry. For these reasons, the frequencies do 
not follow the same trend as in air, and ad-hoc modeling is neces-
sary, and possible (Stewart, 2004, 2006). In the case of oscillatory 
flow such as induced by waves, the dynamics of the blade-like 
plants or part of plants may be quite complex (Luhar and Nepf, 
2016; Leclercq and de Langre, 2018).

The modeling of the damping of plant-level modes is com-
plex, as several mechanisms dissipate the energy of the oscilla-
tions (Spatz and Theckes, 2013). A first is the dissipation that 
occurs inside the tissues of the plant as they deform in the os-
cillations (see Spatz et  al., 2004). A  second mechanism is the 
interaction of the plant with the external fluid and, to a lesser 
extent, with the soil where it is rooted. The former will increase 
with the interaction area: a deciduous tree will be more damped 
in summer than in winter, because of the presence of leaves. 
The latter will increase with the ability of roots to move and to 
experience friction. Finally, the apparent damping of this first 
mode is also increased when some of the motion on this mode 
is transmitted to other modes, without return (Spatz et al., 2007; 
Theckes et  al., 2011, 2015). This is particularly the case when 
frequencies are close, as in branched architectures (Rodriguez 
et al., 2008). For instance, in a model branched system, Theckes 
et  al. (2015) showed theoretically and experimentally that the 
damping induced by the transfer to branch modes could vary 
from 0 to 2%, from small to large oscillations (as a function of the 
size of the system). Note that this differs from the linear coupling 
between modes that is found when their damping is high: here, 
the transfer of energy requires that the amplitudes of motion are 
large enough that the motion in one mode excites another one.

To summarize, a lot is known about the modes of vibrations at 
the plant scale. For trees, this allows mechanistic models of wind-
induced damage to be built (Gardiner et al., 2008). The role of 
dynamic effects in the response of a tree to wind depends on the 
wind loading (Gardiner et al., 2016). For instance, in a canopy, the 
loading is due to low-frequency eddies, and the trees are excited 
far from their resonant frequency (Schindler and Mohr, 2018, 
2019). Research now includes specific problems that appear for 
complex geometries, such as the role of branch architecture, or 
interactions with neighboring plants (Schindler et al., 2013).

Smaller scales: branches, leaves, and fruits

Branches

As noted in the Introduction, much of the knowledge on vi-
brations in plants comes from the domain of trees. If one tries 
to analyze further than the global motion of the plant, a more 

complex dynamic landscape arises. Experimentally, when a 
plant is excited locally, such as by an impact or by pull–re-
lease on a branch, or by shaking at higher frequencies, some 
modes are found that have higher frequencies and more local-
ized mode shapes (see, for example, Castro-García et al., 2008; 
Rodriguez et al., 2012; Spatz and Theckes, 2013; Der Loughian 
et al., 2014). These experiments require that the plant motion is 
measured at more than one point, ideally at all points by image 
analysis (Barbacci et al., 2014). It was recognized (James, 2003; 
Rodriguez et al., 2012) that there was a somehow decoupled 
motion of branches, provided they were small enough when 
compared with the trunk. More precisely, a branch could sway 
almost independently of others, in addition to the motion it 
had as part of the whole-plant motion. Because of the differ-
ence in mass, the oscillation of an individual sufficiently small 
branch would not cause the motion of the whole plant. In an 
idealized view (Rodriguez et al., 2008), each level of branching 
provides a new set of localized modes, that only affect the 
branches further down the branching pattern.

Modeling these higher modes may also be done using simple 
beam models (Fig. 3b). For instance, if a branch sways on an 
almost still trunk, the canonical clamped beam model applies. 
Again the scaling analysis may provide some information on 
the frequencies of the modes in a given plant as one goes higher 
in branching orders. Rodriguez et al. (2012) showed that the 
frequencies of higher modes increased very slowly with the 
branching order. This proximity in frequencies allowed a pos-
sible energy transfer; see the damping by branching mechanism 
discussed in the previous section.

Leaves

Leaves, due to their small individual masses and sizes, compared 
with the whole plant, can often be considered as local, inde-
pendent subsystems (Vogel, 2012). This means that their proper 
dynamics are independent from one another, and do not af-
fect the global (trunk) or even semi-global (branch) modes, 
though of course their mass needs to be taken into account in 
these higher scale modes, as they are carried in such motions. 
A  leaf, isolated from a dynamic point of view, may be con-
sidered in terms of its global motions. In an idealized scheme, 
it may oscillate up–down, sideways, and in torsion (Fig. 3C). 
In these motions, the bending occurs in the petiole (Niklas, 
1991; Vogel, 1992) while the lamina contributes by its inertia. 
Measuring these modes becomes more complex than those 
at higher scales. Because of their flexibility, only non-contact 
techniques may be used, namely laser or videos. Considering 
the huge variety of geometries, no general trend may be given 
for the frequencies except a clear decrease with size, and a de-
pendency on the turgor pressure, that affects the stiffness of 
the petiole (Gonzalez-Rodriguez et al., 2016). Damping seems 
to originate mainly with the interaction with air, but friction 
with other leaves may exceed this (Tadrist et al., 2018). Some 
autonomous motions of the leaves, called fluttering, exist in the 
presence of wind (Tadrist et al., 2015). Modeling leaf modes 
requires a good knowledge of the petiole stiffness in bending 
and torsion, and of the inertia of the lamina. If these are meas-
ured separately, combining them in a mass–spring model gives 
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satisfactory results. An issue which is specific to leaves is their 
response to wind excitation. An individual leaf may be set into 
motion by several distinct mechanisms. First, turbulent fluctu-
ations in local wind velocities result in randomly fluctuating 
pressures on the lamina. This causes a motion of the leaf, in its 
bending mode (up–down for a horizontal leaf), generally of 
small amplitude. Secondly, a strong coupling between the leaf 
and the flow of air exists and may cause vibrations, if the air 
velocity is high enough. This is a fluid–solid instability called 
torsion flutter, and can be modeled using methods common 
in aerospace engineering (see Tadrist et al., 2015). In some re-
duced ranges of velocities, a third mechanism may play a role, 
called vortex-induced vibrations (Shao et al., 2012), where the 
leaf motion is coupled to its own wake.

If one needs to consider the dynamics of the whole set of 
leaves, the foliage, some wider analysis is needed. It is then 
found that the absolute motion in the foliage is dominated 
by individual leaf flutter at low wind velocities, and by the 
response of the whole branches to wind turbulence at higher 
wind velocities (Tadrist et al., 2018).

In water, the configuration is quite different (see, for in-
stance, Puijalon et al., 2008; Miller et al., 2012; Albayrak et al., 
2014). The forces due to the presence of water totally dom-
inate the inertia, and the destabilizing forces are very strong, 
even at low velocities.

Fruit

Fruit, more particularly orchard fruit such as olives or oranges, 
are also small-scale mechanical subsystems of the plant. Most of 
the interest in the dynamic motion is motivated by harvesting 
using harmonic shaking. Similarly to a leaf, the simple motion 
where the fruit oscillates as a pendulum attached by the stem 
is evident (Fig. 3d). Experimental measurements showed a fre-
quency that is reasonably uniform in a tree, due to a small vari-
ability in fruit mass, and a rather low damping (Castro-Garcia 
et al., 2017). Providing a harmonic excitation of the support 
(the tree), a resonance can be achieved and high amplitude of 
the response results in high stress in the attachment, with cu-
mulative fatigue damage, and thereby harvesting (Tsatsarelis, 
1987; Tombesi et al., 2017). This simple view does not contain 
the further refinements of the approach: the highest level of 
harvesting is actually achieved when the shaker frequency is 
set not at the frequency of resonance of the fruits but at twice 
its value (Torregrosa et al., 2014). In that case, large amplitudes 
of oscillation of the fruit can be obtained by a non-linear res-
onance effect.

Pollen

Vibrations have been shown to play a role in the release of 
pollen (Urzay et al., 2009; Timerman et al., 2014). In that case, 
the motion of the stamen, induced by wind, is necessary to 
create the appropriate conditions for the ejection of pollen 
grains from the anther: large amplitudes of oscillation result 
in large inertia forces that are sufficient to shed pollen grains. 
Note that for these motions to exist, it is necessary that the 
oscillating stamen is not much damped in its main mode of 

oscillation, which is a strong constraint on its structure and 
close environment. Wind-induced vibrations may also play a 
role in the ability of plants to capture air-borne pollen grains, 
as the collecting reproductive surfaces, in their motion, inter-
sect the incoming flow more efficiently (Krick and Ackerman, 
2015; McCombe and Ackerman, 2018).

Larger scales: canopies

We have so far considered here plants as isolated individuals. 
However, they often grow in the vicinity of neighbors, and 
this affects their dynamic behavior. One may distinguish two 
limiting cases, for the sake of simplicity. The first one is that of 
two similar plants that interact; the second is a continuum of 
multiple plants.

In the interaction between two plants, a canonical case is that 
of crown interactions in trees. As trees move with large amp-
litudes under wind, crowns may touch (Rudnicki et al., 2001, 
2008). This induces energy transfer between trees, and between 
tree-scale modes and branch-scale modes; by this, dissipation, 
and therefore apparent damping, will increase. For crops such 
as alfalfa, interaction though contact in leaves leads to an added 
effective stiffness, increasing the apparent frequency of oscilla-
tion, but also damping (Doaré et al., 2004).

In a denser and more continuous setting, the canopy, oscilla-
tions under wind have been observed and described by Inoue 
(1955a, b), (Finnigan and Mulhearn (1978), and Finnigan (1979). 
Experimentally measuring the motion of a canopy requires a 
large set of data, from video analysis (see, for instance, more re-
cently Py et al., 2005; Hobbs et al., 2007), and for an artificial 
canopy (Barsu et al., 2016). Not considering scales smaller than 
the plant, a relationship exists between the frequency of oscilla-
tion and the wavelength of the oscillation. Without interaction 
between plants, the frequency is constant with the wavelength. 
With interaction, it increases as the wavelength decreases. The 
corresponding dispersion relationship may be coupled with 
that of the fluid dynamics, to analyze flow–canopy coupling 
(Py et al., 2006). This also exists in water (Ghisalberti and Nepf, 
2006; Gosselin and de Langre, 2009). These phenomena of 
wave propagation are referred to as honami (Inoue, 1955a) in 
the presence of wind, and monami in water flow (Fig. 3e). 
However, the main factor affecting wind-induced damage on 
crops does not seem to be due to dynamic effects (Gardiner 
et al., 2016). For tree canopies, the response seems to be much 
more decoupled, because the frequencies of eddies normally 
fall well below the resonance frequencies.

Advanced topics

The evolution of experimental methods

A large number of methods are available to measure vibra-
tions, and waves, in plants (see, for instance, de Langre, 2008 for 
wind-induced motion, and Legg and Bradley, 2016 for acoustic 
waves). The choice of an appropriate method depends strongly 
on the scale of the system of interest (plant, leaves, or can-
opies), on the quantity to measure (local or global), and on the 
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environment (indoor or outdoor). Some specificities of plants, 
in terms of vibration measuring techniques, are the complexity 
of the geometries, the high flexibility, and, of course, the out-
door environment. Classical techniques have been used for 
decades on plants (strain gauges, accelerometers, displacement 
transducers, inclinometers, and optical target monitoring). 
They are often intrusive by their loads and the wirings, and 
are not well adapted to light systems such as twigs, leaves, or 
fruits. Laser vibrometers are commonly used now, for instance 
in Casas et al. (1998), to measure motion without contact.

Recent developments in technology are rapidly changing 
the experimental techniques. Using the new possibilities 
of data storage on cards and battery autonomy, continuous 
measurement of oscillations over months can now be done 
on several trees in the natural environment (Gougherty et al., 
2018). Small and light autonomous accelerometers will be-
come available to be used more systematically in the outdoor 
environment. However, the major developments in vibra-
tion measuring techniques for plants are in the field of optics: 
video cameras, even with a high rate of frames per second, 
are commonly available, with growing data storage facilities. 
This allows capturing the motion of whole plants, organs, or 
canopies, and then, by image processing, deriving the rele-
vant parameters of interest. Real-time analysis becomes feas-
ible. Many of the recent papers cited in this review use video 
capture as the method of vibration measurement (Miller et al., 
2012; Torregrosa et al., 2014; Luhar and Nepf, 2016; de Langre 
et al., 2018; Kovacic et al., 2018; Leclercq and de Langre, 2018; 
Nakata et al., 2018; Tadrist et al., 2018).

Interactions with hosts

Plants are essential components of the habitat of many species. 
Birds rest on branches, monkeys jump from branch to branch, 
and insects communicate. These hosts may at first be considered 
as sources of excitations for the vibrations of the plants (Casas 
et  al., 1998). In some cases, such as for orangutans (Thorpe 
et al., 2007; Van Casteren et al., 2013), their mass needs also to 
be taken into account in the dynamics of the branches, not just 
by the transient weight loading it causes. The domain of in-
sect–plant dynamic interaction has been extensively explored 
to understand inter-insect communication or prey–predator 
interactions (reviewed in Cocroft and Rodríguez, 2005). For 
insects, propagating vibratory signals through the plant struc-
ture may be more efficient than communicating through air. 
Considering the size of insects, the typical range of vibrations 
they can induce on the plant is of the order of hundreds of 
Hertz. These frequencies are quite far above those mentioned 
above for modes of whole plants or even smaller subsystems. 
They will therefore excite more local modes (for instance, local 
undulations of a lamina), and a wave propagation approach 
then becomes more relevant. A stem, for instance, excited far 
above its first mode of bending behaves as a wave-bearing 
system. These are well-known models: waves propagate with 
velocities that depend on their frequencies, allowing a rich 
signal content (Casas et al., 2007; Miles, 2016). Insects also take 
advantage of possible resonances of the modes in the plants 
they excite (Polajnar et al., 2012). Leaves are indeed sensitive, 

in their growth, to high-frequency excitation, as a mechanism 
to fight again chewing (Appel and Cocroft, 2014), and their 
motion under wind may also deter herbivores (Warren, 2015).

Phenotyping

As modal and wave propagation parameters depend on the 
mechanical and geometrical characteristics of the plants, they 
may be used to infer some properties. At the plant scale, fol-
lowing Der Loughian et al. (2014), some recent work has shown 
that the frequency of oscillation of the first mode (de Langre 
et al., 2018), or of part of the stem (Nakata et al., 2018), may be 
used as a relevant way to phenotype individual plants. In fact 
the frequency, in combination with geometrical information 
that can be measured simultaneously, can be used to charac-
terize a combination of mass and stiffness, or their evolution. 
For instance, in the simple beam model above, measuring f0 and 
L allows one to derive B/m. The frequency is also a measure of 
the margin to buckling (Timoshenko and Gere, 2009).

Impacting leaves by an acoustic field is also efficient to 
evidence the changes in local properties due to water stress, 
(Sano et al., 2015), and fruits can be tested by high-frequency 
probes (Hou et al., 2018). In that case, it is the property of 
the bulk of the fruit that is involved in the response, not that 
of the fruit–stem pendular system. From the wave propa-
gation properties, the ripeness of the fruit may be inferred. 
In wood, as the velocity of elastic waves depends on both 
density and modulus of elasticity, direct measurement of this 
velocity can be done by the time of flight along a given dis-
tance, following an impact (see Legg and Bradley, 2016). This 
can be used for early selection of trees in a breeding program 
(Apiolaza, 2009) or for moisture and wood color estimates 
(Suyama, 2014). More generally, the evolution in time of 
dynamic properties such as frequencies, damping, or wave 
velocity may give useful information on the evolution of the 
plant. For instance, tree phenology has been monitored over 
a whole year using tree oscillation frequencies (Gougherty 
et al., 2018).

Visual rendering and communication

The motions of plants are central to the perception of the en-
vironment. Using the knowledge on plant vibration to build 
realistic animated virtual scenes is by itself a challenge: real-
time computation is necessary in video games requiring simple 
models. Even in animated films where the time constraint is 
less severe, it is quite difficult to build a full model of a plant 
environment. A simple plant-scale mode sinusoidal animation 
is clearly inefficient to give a realistic impression. The inclu-
sion of higher modes, such as in Diener et al. (2006, 2009) and 
Zhao and Barbič (2013), is already a significant improvement, 
with a small increase in cost as only a few modes are needed. 
To include foliage motion is more problematic. This is a field of 
intense research. In a more indirect way, plant motion is known 
to affect visual communication between animals; chimpanzees 
have been observed to adapt their gestures in a mating con-
text to the presence of wind, which moves the surrounding 
plants (Roberts and Roberts, 2015). Similar features have been 
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observed for communication by tail motion in lizards (Peters 
et al., 2007).

Simple rules

Considering the immense variety of geometries and materials 
in the systems we have mentioned above, it might not seem 
possible to give ‘rules of thumb’ or simplified equations that 
would be applicable to vibrations in plants, in general. Some 
elements may, nevertheless, be given that, we hope, would be 
of some of use to biologists and botanists.

First, for particular systems, such as trees, well-established 
correlations exist, because of the very large set of experimental 
data collected over years. A strong correlation has been found 
between the geometry and the frequencies of the first mode of 
bending (see, for instance, Moore and Maguire, 2004).

Secondly, some general rules of vibration engineering apply 
and may be adapted: the frequency of oscillation of a mech-

anical system scales as 
√
K/M/(2π)where K is a stiffness and 

M is a mass (see above). Whereas the mass of plants is a well-
studied quantity, it is difficult to estimate the stiffness. However, 
the stiffness of a system can be deduced from its deformation 
under a given load. Let δ be the deformation under gravity, in 
the direction of the motion of interest, for instance the max-
imum deformation in a plant as we rotate it so that gravity acts 
transversally to the stem. In that case, δ scales as Mg/K where 
g is gravity. As a consequence, the frequency can be approxi-
mated as 

√
g/δ/(2π).To estimate the frequency of bending of 

a plant or a leaf, a simple test of static deformation is needed.
Finally, because in plants the damping of the modes is often 

of the order of ≥0.1, the amplitude of vibration will not differ 
too much from the deformation under a static load of the same 
magnitude, except right at resonance.

Conclusion

The field of plant biomechanics has, over the years, progres-
sively evolved to consider dynamics, not just statics. This came 
from questions raised by various fields of plant or animal 
biology, as exemplified in this review. A lot of the classical tools 
of vibration engineering, both in experiments and in models, 
have been applied with success to plants. They are now com-
monly used in the fields of forestry, insect communication, 
and video rendering. A new point has been reached recently 
with the ability to measure vibrations using videos, even at 
high frequencies. By this, dynamic motion of both small (leaf 
or under) or large systems (full plants and canopies) can now 
be measured, and post-processed, efficiently. Vibration testing, 
which used to require advanced technology and skilled techni-
cians, may now be done as an additional part of many programs 
in plant science. This opens up the possibility to build much 
richer models of plant vibrations, that include several scales, 
and their interactions with other plants or hosts. The ability to 
gather, almost in real time, a large quantity of data, for instance, 
opens the fields of phenotyping by vibrations, or correlation 
between plant motion and insect behavior, to cite just two 
examples.

A question that remains open is the biological role of vibra-
tions in plants and, if there is a role, how plants adapt to modify 
or control vibrations. It must be noted first that vibrations are 
present in any system that has some mass and some stiffness. 
As soon as biomass is present in a plant, and some stiffness is 
created, for instance to stand against gravity, the possibility of 
vibrations exists. Some of these vibrations are clearly beneficial, 
from a biological point of view, in pollen release and capture 
(Timerman et al., 2014; McCombe and Ackerman, 2018), and 
in deterring herbivores (Warren, 2015). Oscillations of kelp 
blade under flow are probably beneficial for nutrient exchange. 
Vibrations that occur naturally, under wind, might also be used 
by plants to read their own shape (Hamant and Moulia, 2016). 
This would require some mechanoperception of frequen-
cies, beyond the well-known perception of the deformation. 
Leaf flutter might be beneficial in reducing the temperature 
of outer leaves, but it increases drag and therefore mechanical 
stresses (see Vogel, 2009). More generally, a dynamic response 
will be more severe than a purely static one, though, as noted 
above, the level of damping present in plants limits this effect. 
The most common way that plants limit vibration is probably 
to always have a sufficient level of damping, through several 
independent mechanisms: interaction with the outer fluid, soft 
tissues, and energy transfer to higher orders of branching.

To conclude, vibrations are naturally present in plants, in 
many forms, and plants have managed to find a benefit in some 
cases and to limit the costs in others.

Acknowledgements

The author thanks Bruno Moulia and Pascal Hémon for their continuous 
help in the work on plant vibrations over the years. The contributions 
of the anonymous reviewers to the improvement of the paper are very 
gratefully acknowledged.

References
Albayrak I, Nikora V, Miler O, OHare MT. 2014. Flow–plant interactions 
at leaf, stem and shoot scales: drag, turbulence, and biomechanics. Aquatic 
Sciences 76, 269–294.

Apiolaza LA. 2009. Very early selection for solid wood quality: screening for 
early winners. Annals of Forest Science 66, 1–10.

Appel HM, Cocroft RB. 2014. Plants respond to leaf vibrations caused by 
insect herbivore chewing. Oecologia 175, 1257–1266.

Axisa F, Antunes J. 2006. Modelling of mechanical systems: fluid–struc-
ture interaction, Vol. 3. Amsterdam: Elsevier.

Barbacci  A, Diener  J, Hémon  P, Adam  B, Donès  N, Reveret  L, 
Moulia  B. 2014. A robust videogrametric method for the velocimetry of 
wind-induced motion in trees. Agricultural and Forest Meteorology 184, 
220–229.

Barsu  S, Doppler  D, Jerome  JJS, Rivière  N, Lance  M. 2016. Drag 
measurements in laterally confined 2D canopies: reconfiguration and shel-
tering effect. Physics of Fluids 28, 107101.

Blevins  RD. 1977. Flow-induced vibration. New York: Van Nostrand 
Reinhold Co..

Bonnesoeur V, Constant T, Moulia B, Fournier M. 2016. Forest trees 
filter chronic wind-signals to acclimate to high winds. New Phytologist 210, 
850–860.

Brüchert F, Speck O, Spatz H-C. 2003. Oscillations of plants’ stems and 
their damping: theory and experimentation. Philosophical Transactions of 
the Royal Society B: Biological Sciences 358, 1487–1492.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/70/14/3521/5486531 by M

cgill U
niversity Libraries - Serials U

nit user on 19 August 2019



Plant vibrations  |  3529

Burgess  AJ, Retkute  R, Preston  SP, Jensen  OE, Pound  MP, 
Pridmore  TP, Murchie  EH. 2016. The 4-dimensional plant: effects of 
wind-induced canopy movement on light fluctuations and photosynthesis. 
Frontiers in Plant Science 7, 1392.

Casas J, Bacher S, Tautz J, Meyhöfer R, Pierre D. 1998. Leaf vibrations 
and air movements in a leafminer-parasitoid system. Biological Control 11, 
147–153.

Casas  J, Magal  C, Sueur  J. 2007. Dispersive and non-dispersive 
waves through plants: implications for arthropod vibratory communi-
cation. Proceedings of the Royal Society B: Biological Sciences 274, 
1087–1092.

Castro-Garcia S, Blanco-Roldán G, Ferguson L, González-Sánchez E, 
Gil-Ribes J. 2017. Frequency response of late-season Valencia orange to 
selective harvesting by vibration for juice industry. Biosystems Engineering 
155, 77–83.

Castro-García S, Blanco-Roldán GL, Gil-Ribes JA, Agüera-Vega J. 
2008. Dynamic analysis of olive trees in intensive orchards under forced 
vibration. Trees 22, 795–802.

Cocroft RB, Rodríguez RL. 2005. The behavioral ecology of insect vibra-
tional communication. AIBS Bulletin 55, 323–334.

Coutand C, Martin L, Leblanc-Fournier N, Decourteix M, Julien JL, 
Moulia B. 2009. Strain mechanosensing quantitatively controls diameter 
growth and PtaZFP2 gene expression in poplar. Plant Physiology 151, 
223–232.

de  Langre  E. 2008. Effects of wind on plants. Annual Review of Fluid 
Mechanics 40, 141–168.

de Langre E, Penalver O, Hemon P, Frachisse J-M, Moulia B. 2018. 
Non-destructive fast vibration phenotyping for plants. Fifth International 
Plant Phenotyping Symposium, Adelaide, Australia.

Denny M. 2014. Biology and the mechanics of the wave-swept environ-
ment. Princeton, NJ: Princeton University Press.

Der Loughian C, Tadrist L, Allain J-M, Diener J, Moulia B, De Langre E. 
2014. Measuring local and global vibration modes in model plants. Comptes 
Rendus Mécanique 342, 1–7.

Diener  J, Reveret  L, Fiume  E. 2006. Hierarchical retargetting of 2D 
motion fields to the animation of 3d plant models. In: Proceedings of the 
2006 ACM SIGGRAPH/Eurographics symposium on Computer animation. 
Switzerland: Eurographics Association, 187–195.

Diener J, Rodriguez M, Baboud L, Reveret L. 2009. Wind projection 
basis for real-time animation of trees. In: Computer graphics forum, Vol. 28. 
Wiley Online Library, 533–540.

Doaré O, Moulia B, de Langre E. 2004. Effect of plant interaction on 
wind-induced crop motion. Journal of Biomechanical Engineering 126, 
146–151.

Farquhar T, Wood J, Van Beem J. 2000. The kinematics of wheat struck 
by a wind gust. Journal of Applied Mechanics 67, 496–502.

Finnigan J. 1979. Turbulence in waving wheat. II. Structure of momentum 
transfer. Boundary-Layer Meteorology 16, 213–236.

Finnigan J, Mulhearn P. 1978. Modelling waving crops in a wind tunnel. 
Boundary-Layer Meteorology 14, 253–277.

Fournier  M, Rogier  P, Costes  E, Jaeger  M. 1993. Modélisation 
mécanique des vibrations propres d’un arbre soumis aux vents, en fonction 
de sa morphologie. Annales des Sciences Forestières 50, 401–412.

Gardiner B. 1992. Mathematical modelling of the static and dynamic char-
acteristics of plantation trees. Mathematical Modelling of Forest Ecosystems 
40–61.

Gardiner  B, Berry  P, Moulia  B. 2016. Wind impacts on plant growth, 
mechanics and damage. Plant Science 245, 94–118.

Gardiner  B, Byrne  K, Hale  S, Kamimura  K, Mitchell  SJ, Peltola  H, 
Ruel J-C. 2008. A review of mechanistic modelling of wind damage risk to 
forests. Forestry 81, 447–463.

Ghisalberti M, Nepf H. 2006. The structure of the shear layer in flows over 
rigid and flexible canopies. Environmental Fluid Mechanics 6, 277–301.

Gonzalez-Rodriguez D, Cournède PH, de Langre E. 2016. Turgidity-
dependent petiole flexibility enables efficient water use by a tree subjected 
to water stress. Journal of Theoretical Biology 398, 20–31.

Gosselin F, de Langre E. 2009. Destabilising effects of plant flexibility in air 
and aquatic vegetation canopy flows. European Journal of Mechanics-B/
Fluids 28, 271–282.

Gougherty  AV, Keller  SR, Kruger  A, Stylinski  CD, Elmore  AJ, 
Fitzpatrick MC. 2018. Estimating tree phenology from high frequency tree 
movement data. Agricultural and Forest Meteorology 263, 217–224.

Grace J. 1978. The turbulent boundary layer over a flapping populus leaf. 
Plant, Cell & Environment 1, 35–38.

Graff KF. 2012. Wave motion in elastic solids. New York: Dover Publications.

Hamant O, Moulia B. 2016. How do plants read their own shapes? New 
Phytologist 212, 333–337.

Hobbs  S, Seynat  C, Matakidis  P. 2007. Videogrammetry: a practical 
method for measuring vegetation motion in wind demonstrated on wheat. 
Agricultural and Forest Meteorology 143, 242–251.

Hou J, Zhang Y, Sun Y, Xu N, Leng Y. 2018. Prediction of firmness and 
pH for ‘Golden Delicious’ apple based on elasticity index from modal ana-
lysis. Journal of Food Science 83, 661–669.

Inoue  E. 1955a. Studies of the phenomena of waving plants (honami) 
caused by wind. Part 1. Journal of Agricultural Meteorology 11, 18–22.

Inoue  E. 1955b. Studies of the phenomenon of waving plants (honami) 
caused by wind. Part 2. Journal of Agricultural Meteorology 11, 87–90.

James  K. 2003. Dynamic loading of trees. Journal of Arboriculture 29, 
165–171.

Kane B, James KR. 2011. Dynamic properties of open-grown deciduous 
trees. Canadian Journal of Forest Research 41, 321–330.

Kane B, Modarres-Sadeghi Y, James KR, Reiland M. 2014. Effects of 
crown structure on the sway characteristics of large decurrent trees. Trees 
28, 151–159.

Kerzenmacher T, Gardiner B. 1998. A mathematical model to describe 
the dynamic response of a spruce tree to the wind. Trees 12, 385–394.

Kovacic  I, Radomirovic  D, Zukovic  M, Pavel  B, Nikolic  M. 2018. 
Characterisation of tree vibrations based on the model of orthogonal oscil-
lations. Scientific Reports 8, 8558.

Krick J, Ackerman JD. 2015. Adding ecology to particle capture models: 
numerical simulations of capture on a moving cylinder in crossflow. Journal 
of Theoretical Biology 368, 13–26.

Leclercq T, de Langre E. 2018. Reconfiguration of elastic blades in oscil-
latory flow. Journal of Fluid Mechanics 838, 606–630.

Legg M, Bradley S. 2016. Measurement of stiffness of standing trees and 
felled logs using acoustics: a review. Journal of the Acoustical Society of 
America 139, 588–604.

Luhar M, Nepf H. 2016. Wave-induced dynamics of flexible blades. Journal 
of Fluids and Structures 61, 20–41.

McCombe D, Ackerman JD. 2018. Collector motion affects particle cap-
ture in physical models and in wind pollination. The American Naturalist 192, 
81–93.

McMahon TA, Kronauer RE. 1976. Tree structures: deducing the prin-
ciple of mechanical design. Journal of Theoretical Biology 59, 443–466.

Miles RN. 2016. An analytical model for the propagation of bending waves 
on a plant stem due to vibration of an attached insect. Heliyon 2, e00086.

Miller LA, Santhanakrishnan A, Jones S, Hamlet C, Mertens K, Zhu L. 
2012. Reconfiguration and the reduction of vortex-induced vibrations in 
broad leaves. Journal of Experimental Biology 215, 2716–2727.

Milne R. 1991. Dynamics of swaying of Picea sitchensis. Tree Physiology 
9, 383–399.

Moore J, Gardiner B, Sellier D. 2018. Tree mechanics and wind loading. 
In: Geitmann A, Gril J, eds. Plant biomechanics. Cham: Springer, 79–106.

Moore  JR, Maguire  DA. 2004. Natural sway frequencies and damping 
ratios of trees: concepts, review and synthesis of previous studies. Trees 
18, 195–203.

Moore  JR, Maguire  DA. 2005. Natural sway frequencies and damping 
ratios of trees: influence of crown structure. Trees 19, 363–373.

Moulia B, Fournier-Djimbi M. 1997. Optimal mechanical design of plant 
stems: the models behind the allometric power laws. In: Jeronimidis G, , 
Vincent JFV, eds. Proceedings of the FirstPlant Biomechanics Conference. 
Reading, UK: Centre for Biomimetics, University of Reading, 43–55.

Murphy KD, Rudnicki M. 2012. A physics-based link model for tree vibra-
tions. American Journal of Botany 99, 1918–1929.

Nakata MT, Takahara M, Sakamoto S, Yoshida K, Mitsuda N. 2018. 
High-throughput analysis of Arabidopsis stem vibrations to identify mutants 
with altered mechanical properties. Frontiers in Plant Science 9, 780.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/70/14/3521/5486531 by M

cgill U
niversity Libraries - Serials U

nit user on 19 August 2019



3530  |  de Langre

Nathan  R, Katul  GG. 2005. Foliage shedding in deciduous forests lifts 
up long-distance seed dispersal by wind. Proceedings of the National 
Academy of Sciences, USA 102, 8251–8256.

Neild SA, Wood CJ. 1999. Estimating stem and root-anchorage flexibility 
in trees. Tree Physiology 19, 141–151.

Nicoll BC, Connolly T, Gardiner BA. 2019. Changes in spruce growth 
and biomass allocation following thinning and guying treatments. Forests 
10, 253.

Niklas KJ. 1991. The elastic moduli and mechanics of Populus tremuloides 
(Salicaceae) petioles in bending and torsion. American Journal of Botany 
78, 989–996.

Niklas KJ. 1992. Plant biomechanics: an engineering approach to plant 
form and function. Chicago, IL: University of Chicago Press.

Niklas  KJ, Spatz  HC. 2012. Plant physics. Chicago, IL: University of 
Chicago Press.

Païdoussis  MP, Price  SJ, De  Langre  E. 2010. Fluid–structure inter-
actions: cross-flow-induced instabilities. Cambridge: Cambridge University 
Press.

Pelet ER, Salt JE, Wells G. 2004. Effect of wind on foliage obstructed 
line-of-sight channel at 2.5 ghz. IEEE Transactions on Broadcasting 50, 
224–232.

Peters RA, Hemmi JM, Zeil J. 2007. Signaling against the wind: modifying 
motion-signal structure in response to increased noise. Current Biology 17, 
1231–1234.

Pivato D, Dupont S, Brunet Y. 2014. A simple tree swaying model for 
forest motion in windstorm conditions. Trees 28, 281–293.

Polajnar  J, Svensek  D, Cokl  A. 2012. Resonance in herbaceous 
plant stems as a factor in vibrational communication of pentatomid bugs 
(Heteroptera: Pentatomidae). Journal of the Royal Society, Interface 9, 
1898–1907.

Puijalon S, Léna JP, Rivière N, Champagne JY, Rostan JC, Bornette G. 
2008. Phenotypic plasticity in response to mechanical stress: hydrodynamic 
performance and fitness of four aquatic plant species. New Phytologist 177, 
907–917.

Py C, de Langre E, Moulia B. 2006. A frequency lock-in mechanism in the 
interaction between wind and crop canopies. Journal of Fluid Mechanics 
568, 425–449.

Py C, de Langre E, Moulia B, Hémon P. 2005. Measurement of wind-
induced motion of crop canopies from digital video images. Agricultural and 
Forest Meteorology 130, 223–236.

Roberts AI, Roberts SG. 2015. Gestural communication and mating tac-
tics in wild chimpanzees. PLoS One 10, e0139683.

Rodriguez M, de Langre E, Moulia B. 2008. A scaling law for the ef-
fects of architecture and allometry on tree vibration modes suggests a bio-
logical tuning to modal compartmentalization. American Journal of Botany 
95, 1523–1537.

Rodriguez M, Ploquin S, Moulia B, de Langre E. 2012. The multimodal 
dynamics of a walnut tree: experiments and models. Journal of Applied 
Mechanics 79, 044505.

Rudnicki M, Meyer TH, Lieffers VJ, Silins U, Webb VA. 2008. The peri-
odic motion of lodgepole pine trees as affected by collisions with neighbors. 
Trees 22, 475–482.

Rudnicki M, Silins U, Lieffers VJ, Josi G. 2001. Measure of simultaneous 
tree sways and estimation of crown interactions among a group of trees. 
Trees 15, 83–90.

Sano  M, Nakagawa  Y, Sugimoto  T, Shirakawa  T, Yamagishi  K, 
Sugihara T, Ohaba M, Shibusawa S. 2015. Estimation of water stress 
of plant by vibration measurement of leaf using acoustic radiation force. 
Acoustical Science and Technology 36, 248–253.

Schindler D. 2008. Responses of scots pine trees to dynamic wind loading. 
Agricultural and Forest Meteorology 148, 1733–1742.

Schindler  D, Mohr  M. 2018. Non-oscillatory response to wind loading 
dominates movement of scots pine trees. Agricultural and Forest 
Meteorology 250, 209–216.

Schindler D, Mohr M. 2019. No resonant response of scots pine trees to 
wind excitation. Agricultural and Forest Meteorology 265, 227–244.

Schindler D, Schönborn J, Fugmann H, Mayer H. 2013. Responses of 
an individual deciduous broadleaved tree to wind excitation. Agricultural and 
Forest Meteorology 177, 69–82.

Selker  J, Lane  J, Rupp  D, Hut  R, Abou  Najm  M, Stewart  R, 
Van De Giesen N, Selker F. 2011. The answer is blowing in the wind: 
using wind induced resonance of trees to measure time varying canopy 
mass, including interception. In: American Geophysical Union, Fall Meeting 
2011, abstract #H11G-1155.

Sellier D, Fourcaud T, Lac P. 2006. A finite element model for investigating 
effects of aerial architecture on tree oscillations. Tree Physiology 26, 
799–806.

Shao  C-P, Chen  Y-J, Lin  J-Z. 2012. Wind induced deformation 
and vibration of a Platanus acerifolia leaf. Acta Mechanica Sinica 28, 
583–594.

Skatter S, Kucera B. 2000. Tree breakage from torsional wind loading due 
to crown asymmetry. Forest Ecology and Management 135, 97–103.

Spatz HC, Brüchert F, Pfisterer J. 2007. Multiple resonance damping or 
how do trees escape dangerously large oscillations? American Journal of 
Botany 94, 1603–1611.

Spatz HC, Emanns A, Speck O. 2004. The structural basis of oscillation 
damping in plant stems: biomechanics and biomimetics. Journal of Bionic 
Engineering 1, 149–158.

Spatz HC, Theckes B. 2013. Oscillation damping in trees. Plant Science 
207, 66–71.

Speck O, Spatz HC. 2004. Damped oscillations of the giant reed Arundo 
donax (Poaceae). American Journal of Botany 91, 789–796.

Stewart HL. 2004. Hydrodynamic consequences of maintaining an upright 
posture by different magnitudes of stiffness and buoyancy in the tropical 
alga Turbinaria ornata. Journal of Marine Systems 49, 157–167.

Stewart  HL. 2006. Hydrodynamic consequences of flexural stiffness 
and buoyancy for seaweeds: a study using physical models. Journal of 
Experimental Biology 209, 2170–2181.

Suyama  H. 2014. Nondestructive evaluation of the heartwood color of 
standing sugi trees by using the lateral impact vibration method. Mokuzai 
Gakkaishi 60, 35–40.

Tadrist L, Julio K, Saudreau M, de Langre E. 2015. Leaf flutter by tor-
sional galloping: experiments and model. Journal of Fluids and Structures 
56, 1–10.

Tadrist  L, Saudreau  M, Hémon  P, Amandolese  X, Marquier  A, 
Leclercq T, de Langre E. 2018. Foliage motion under wind, from leaf 
flutter to branch buffeting. Journal of the Royal Society, Interface 15, 
20180010.

Theckes B, Boutillon X, de Langre E. 2015. On the efficiency and robust-
ness of damping by branching. Journal of Sound and Vibration 357, 35–50.

Theckes B, de Langre E, Boutillon X. 2011. Damping by branching: a 
bioinspiration from trees. Bioinspiration & Biomimetics 6, 046010.

Thomson W. 2018. Theory of vibration with applications. Boca Raton, FL: 
CRC Press.

Thorpe SK, Crompton RH, Alexander RM. 2007. Orangutans use com-
pliant branches to lower the energetic cost of locomotion. Biology Letters 
3, 253–256.

Timerman  D, Greene  DF, Urzay  J, Ackerman  JD. 2014. Turbulence-
induced resonance vibrations cause pollen release in wind-pollinated 
Plantago lanceolata L.  Plantaginaceae). Journal of the Royal Society, 
Interface 11, 20140866.

Timoshenko  SP, Gere  JM. 2009. Theory of elastic stability. New York: 
Dover Publications.

Tombesi S, Poni S, Palliotti A, Farinelli D. 2017. Mechanical vibration 
transmission and harvesting effectiveness is affected by the presence of 
branch suckers in olive trees. Biosystems Engineering 158, 1–9.

Torregrosa A, Albert F, Aleixos N, Ortiz C, Blasco J. 2014. Analysis of 
the detachment of citrus fruits by vibration using artificial vision. Biosystems 
Engineering 119, 1–12.

Tsatsarelis C. 1987. Vibratory olive harvesting: the response of the fruit–
stem system to fruit removing actions. Journal of Agricultural Engineering 
Research 38, 77–90.

Urzay  J, Llewellyn  Smith  SG, Thompson  E, Glover  BJ. 2009. Wind 
gusts and plant aeroelasticity effects on the aerodynamics of pollen shed-
ding: a hypothetical turbulence-initiated wind-pollination mechanism. 
Journal of Theoretical Biology 259, 785–792.

van  Casteren  A, Sellers  WI, Thorpe  SK, Coward  S, Crompton  RH, 
Ennos AR. 2013. Factors affecting the compliance and sway properties of 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/70/14/3521/5486531 by M

cgill U
niversity Libraries - Serials U

nit user on 19 August 2019



Plant vibrations  |  3531

tree branches used by the Sumatran orangutan (Pongo abelii). PLoS One 
8, e67877.

Vogel S. 1992. Twist-to-bend ratios and cross-sectional shapes of petioles 
and stems. Journal of Experimental Botany 43, 1527–1532.

Vogel S. 2009. Leaves in the lowest and highest winds: temperature, force 
and shape. New Phytologist 183, 13–26.

Vogel  S. 2012. The life of a leaf. Chicago, IL: University of Chicago 
Press.

Warren J. 2015. Is wind-mediated passive leaf movement an effective form 
of herbivore defence? Plant Ecology and Evolution 148, 52–56.

Weaver W Jr, Timoshenko SP, Young DH. 1990. Vibration problems in 
engineering. Chichester: John Wiley & Sons.

Yamazaki  K. 2011. Gone with the wind: trembling leaves may deter 
herbivory. Biological Journal of the Linnean Society 104, 738–747.

Zhao Y, Barbič J. 2013. Interactive authoring of simulation-ready plants. 
ACM Transactions on Graphics 32, 84.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/70/14/3521/5486531 by M

cgill U
niversity Libraries - Serials U

nit user on 19 August 2019




