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Abstract. Tree biomechanics studies using dynamic methods of analysis are reviewed. �e emphasis in this review is on the biomechan-
ics of open-grown trees typically found in urban areas, rather than trees in forests or plantations. �e distinction is not based on species 
but on their form, because open-grown trees usually grow with considerable branch mass and the dynamic response in winds may be 
di�erent to other tree forms. Methods of dynamic analysis applied to trees are reviewed. Simple tree models have been developed to 
understand tree dynamic responses, but these largely ignore the dynamics of branches. More complex models and �nite element analy-
ses are developing a multimodal approach to represent the dynamics of branches on trees. Results indicate that material properties play 
only a limited role in tree dynamics and it is the form and morphology of the tree and branches that can in�uence the dynamics of trees.
 Key Words. Biomechanics; Dynamics; Modes; Open-grown Trees; Urban Trees; Wind.

�e biomechanical studies on trees that have taken  
a dynamic approach to their analysis are reviewed 
in this paper. Studies published in the last 20 years 
are mainly considered, with older, seminal stud-
ies included where appropriate. �e �eld of biome-
chanics is o�en broken into two complementary 
approaches: statics and dynamics. Both methods 
are useful in studying the structure of trees under  
mechanical loading. �is review of tree dynam-
ics is part of a project on tree biomechanics that 
includes a review of tree statics presented as a 
separate paper (Dahle et al. 2013, in review).

�is paper includes an introduction to biome-
chanical studies of trees; a review of the main litera-
ture on tree dynamics; the di�erent dynamic methods 
of analysis that have been used on trees, including 
approaches used in forestry, urban forestry, and wind 
tunnels; and a summary of the complex multimodal 
studies that consider both tree and branch dynamics. 
�e �nal section presents research on tree dynam-
ics that is indicating how the form and morphology 
of trees in�uences the dynamic response in winds 
because the branch dynamics can be important. 

�e emphasis in this review is on the biome-
chanics of open-grown trees rather than trees in 
forests or plantations. �e distinction is not based 
on species, but on their form, because open-grown 
trees, both excurrent and decurrent, usually have 

considerable branch mass. �e term open-grown 
trees is used rather than urban trees, because the 
biomechanical principles are not unique to urban 
trees but rather to all trees of the open-grown form.

Despite the abundance of literature describ-
ing the interaction of wind and trees, particularly 
as it relates to tree dynamics (Moore and Magu-
ire 2004; de Langre 2008; Gardiner et al. 2008; 
Sellier et al. 2008; de Langre 2012), the literature 
is almost nonexistent regarding recommendations 
for pruning open-grown trees to reduce wind dam-
age (Smiley and Kane 2006; Gilman et al. 2008a; 
Gilman et al. 2008b; Pavlis et al. 2008). �ere-
fore, this review concludes with a list of perceived 
knowledge gaps in the �eld of tree biomechanics.

Biomechanical Studies of Trees
Biomechanics applies the basic principles of struc-
tural engineering theory to the study of plant forms, 
including trees. A fundamental premise is that plants 
cannot violate the laws of physics (Niklas 1992). 
Biomechanics studies trees as mechanical objects 
(de Langre 2008), using engineering and physical 
principles in an attempt to understand the struc-
tural properties of trees and how they interact with 
the environment. �e growth rate of trees is largely 
determined by physiological constraints, particu-
larly those a�ecting photosynthesis and water trans-
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port. But regardless if these are optimal, tree size 
and shape are still limited by biomechanical con-
straints (Spatz and Bruechert 2000). Wood in trees 
is �exible and behaves as neither an ideal solid nor 
an ideal �uid (Vogel 1996). Wood and most plant 
materials are described as viscoelastic because their 
mechanical properties are both elastic and viscous 
(�uid like). �ese properties result in non-linear 
behavior (Miller 2005), and under mechanical  
loading, plant material does not act like steel or  
concrete and may not conform exactly to current 
mechanical models. For this reason it is impor-
tant to be aware of the limitations of trying to get 
an exact value for a plant parameter, and to recog-
nize when theory and reality fail to coincide (Niklas 
1992). Furthermore, biological materials acclimate 
and can change their material properties as they age 
and grow (Lindström et al. 1998; Lichtenegger et al. 
1999; Reiterer et al. 1999; Brüchert et al. 2000; Spatz 
and Brüchert 2000; Lundström et al. 2008; Dahle 
and Grabosky 2010b; Speck and Burgert 2011), so 
the dynamic responses can be di�cult to predict.

Dynamics and Trees
Wind exerts the largest dynamic forces on trees 
and is the most important factor for dynamic load-
ing on plants in the terrestrial environment (Nik-
las 1992). Tree response to wind is ultimately a 
dynamic process (de Langre 2008), and although 
understanding the static behavior of trees pro-
vides a good basis for understanding their overall 
behavior, it is a simpli�cation of reality (Moore 
and Maguire 2004). One of the main reasons for 
studying trees in winds is to assess their stabil-
ity and some of the earliest studies recognized that 
windthrow is also a dynamic process (Coutts 1986). 

A dynamic analysis is more complicated than a 
static analysis because it includes all the static forces 
and additional components of inertial forces due to 
the motion, the damping forces and the dissipation 
of energy, the displacement and phase di�erences, 
the natural frequencies, and the consequent changes 
in motion (Den Hartog 1956). A force applied in a 
static manner will result in a de�ection of a certain 
magnitude. �e same force applied in a dynamic or 
cyclic manner, at a certain frequency, may increase 
or amplify the motion and produce a larger e�ect 
than the same force applied statically. �is e�ect is 
called the dynamic ampli�cation factor (DAF) or the 

dynamic response factor (DRF) and has been applied 
to trees in only a few studies (Sellier and Fourcaud 
2009; James 2010; Ci�ci 2012; Ci�ci et al. 2013).

Open-grown Trees
�e shape or morphology of the tree and the dis-
tribution of oscillating branch masses becomes 
important during dynamic studies (Rodriguez et 
al. 2008; Sellier and Fourcaud 2009; Ci�ci et al. 
2013). Slender forest conifers sway in a relatively 
simple manner, whereas open-grown trees, with 
many independent and larger branch masses, sway 
in a complex manner that is di�erent from for-
est conifers and not yet fully understood (James 
et al. 2006). �e dynamic interaction of branches 
in winds can signi�cantly modify the frequency 
and damping of a tree (Moore and Maguire 2005).

Dynamic studies of trees aims to understand 
how individual trees respond in winds (Baker and 
Bell 1992; Roodbaraky et al. 1994; James et al. 2006; 
Kane and Smiley 2006; Baker 1997; Castro-Garcia 
et al. 2008; Kane et al. 2008; Kane and James 2011; 
Ci�ci 2012) with a few studies investigating the 
e�ect of pruning on wind loads (Smiley and Kane 
2006; Pavlis et al. 2008; Gilman et al. 2008a; Gilman 
et al. 2008b; James 2010; Ci�ci et al. 2013). Stud-
ies examining tree failure due to winds in urban 
areas have been undertaken a�er wind storms 
(Duryea et al. 2007; Lopes et al. 2007; Kane 2008; 
Matheny and Clark 2009) but with only limited 
correlation to actual wind velocity and gustiness.

MAIN LITERATURE AND  
CONFERENCE PROCEEDINGS 

Tree Dynamics
There have been several reviews on trees and 
wind, but they are mainly focused on forest trees 
(Moore and Maguire 2004; de Langre 2008; Gar-
diner et al. 2008). A bibliography for tree care 
professionals was published by Cullen (2002a). 
Moore and Maguire (2004) reviewed the concepts 
and dynamic studies by examining the natural 
frequencies and damping ratios of trees in winds. 
Gardiner et al. (2008) reviewed the mechanistic 
modeling of forest trees and the risk of damage 
in plantations. De Langre (2008) reviewed the lit-
erature on plants and examined the more com-
plex fluid mechanics and multimodal models 
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that are being developed to describe the complex 
dynamic responses of plants and trees. While not 
exclusively on dynamics of trees, there have been 
several major conferences on wind and trees that 
have published proceedings or books with con-
tributions from many authors (Coutts and Grace 
1995; Ruck et al. 2003; Mitchell 2007; Mitchell 
2008; Schindler et al. 2012) and also conferences  
on plant biomechanics (Telewski et al. 2003; 
Salmen 2006; Speck and Burgert 2011; Moulia  
and Fournier 2012; Thibaut 2012). The first  
urban tree biomechanics conference was held in  
Savannah, Georgia, U.S. (Smiley and Coder 2002).

Winds and Tree Damage
Wind data can be expressed in a number of ways, 
including scales, such as the Beaufort Scale, and 
more commonly as wind speeds that use a vari-
ety of units (e.g., miles per hour, kilometers per 
hour, knots, m s-1). �is can be an obstacle to dis-
seminating knowledge and for practical tree risk 
management (Cullen 2002b). Instantaneous wind 
speed is usually not available, and it is customary 
to quote an average wind speed (either 10-minute  
or one-hour average) and a gust wind speed tak-
en as a three-second average (Holmes 2007). �e 
wind speed at which tree failure begins to occur 
is de�ned in forest studies of trees as the criti-
cal wind speed (Oliver and Mayhead 1974; Petty 
and Swain 1985; Coutts 1986; Blackburn et al. 
1988; Peltola and Kellomaki 1993; Hedden et al. 
1995; Peltola 1996b; England et al. 2000; Gardiner 
et al. 2000; Zhu et al. 2000; Cullen 2002b; Zeng 
et al. 2007; Gardiner et al. 2008; Schelhaas 2008; 
Wood et al. 2008). Mechanistic models in forestry 
research use the critical wind speed value to cal-
culate the percentage of failure likely to occur in 
a forest stand and the approach does not focus 
on individual tree failure (Gardiner et al. 2008). 

Mayer (1987) cautioned that no tree can sur-
vive violent storms and posed the question of 
how the results from investigations on tree sways 
can be used in practice. How trees fail under 
dynamic wind loading is not known because 
the actual dynamic process has never been veri-
�ed in �eld experiments due to lack of measure-
ments (Hale et al. 2010). �e assumption that the 
extreme (maximum) wind loading in any particu-
lar storm is the key factor in determining whether 

damage occurs has never been veri�ed in �eld 
experiments and it is possible that root fatigue 
(Rodgers et al. 1995) from a number of storms 
could actually be more important (Hale et al. 2010). 

Studies of the impact of hurricane force winds 
on urban trees in Florida, U.S., found failure by 
trunk breakage exceeded overturning in some spe-
cies [Pinus elliottii (slash pine), 64% broke during 
Hurricane Jeanne], but other species [Pinus clausa 
(sand pine)] had 71% breakage during Hurricane 
Jeanne (Duryea et al. 2007). Following another 
hurricane (Ivan), uprooting was the main mecha-
nism of failure. Other than post-storm surveys that 
relate estimated wind speed to tree failures (Kane 
2008), there are at present no de�nitive methods 
that predict tree failure at a speci�c wind speed.

Dynamic Analysis Methods
�e principles of the dynamic behavior of struc-
tures was �rst published by Den Hartog (1956), 
and most subsequent texts (e.g., Clough and 
Penzien 1993; Chopra 1995; Balachandran and 
Magrab 2004) still use the fundamental equa-
tions described in this book. Dynamic analysis 
examines the forces and displacements of mov-
ing structures and considers the inertial forces of 
mass (m), the elastic forces (k) as in a spring, and 
the damping forces (c) that dissipate energy. A 
static analysis considers only the spring forces (k). 

When studying the dynamic behavior of a 
structure, three di�erent approaches are com-
monly used (Clough and Penzien 1993): 

1. lumped-mass procedure, mass concentrated at 
a discrete point

2. generalized displacements for uniformly  
distributed mass, where a trunk is treated as 
a beam

3. the �nite element method (FEM)

The Lumped-mass Procedure 
�e lumped-mass procedure assumes the mass 
is concentrated at a discrete point as it oscillates  
dynamically. �is greatly simpli�es the analysis 
because inertial forces develop only at these mass 
points. �is method has been used to develop 
spring-mass-damper models for trees as a single 
mass (e.g. Milne 1991; Miller 2005), as seen in Fig-
ure 1, or as a complex system of coupled masses that 



James et al.: Tree Biomechanics Literature Review: Dynamics 

©2014 International Society of Arboriculture

4

represent the trunk and branches (James et al. 2006; 
�eckes et al. 2011; Murphy and Rudnicki 2012).

A simple spring-mass-damper system (Figure 1a) 
is described by a second-order di�erential equation:

 

[1] mẍ + cẋ + kx = f(t) 

where c, m, and k are damping coe�cient, mass, and 
sti�ness, respectively; x, ẋ, and ẍ are the displace-
ment, velocity, and acceleration, respectively; and 
f(t) is the wind-induced time varying (dynamic) 
force. Equation 1 describes the motion of a single 
degree of freedom system (SDOF), and if used for 
analysis of a tree (Figure 1a), approximates the tree 
to a single oscillating mass (m) with a sti�ness (k) 
and a damping (c) (Miller 2005). A more complex 
mass model representing branches as oscillating 
masses attached to a main trunk (Figure 1b) extends 
this concept to consider branches as oscillating 
masses attached to the main trunk (James et al 2006).

�e oscillating lumped-mass model has been used 
for trees (Milne 1991; Baker and Bell 1992; Peltola  
and Kellomaki 1993; Guitard and Castera 1995; Pel-
tola 1996a; Baker 1997; Kerzenmacher and Gardiner 
1998; Saunderson et al. 1999; Flesch and Wilson  
1999b; England et al. 2000; Miller 2005; James et 
al. 2006; Jonsson et al. 2007; James 2010; �ekes 
et al. 2011; Murphy and Rudnicki 2012). Analyses 
of the mass-spring-damper model of a tree may 
include a spectral analysis approach using Fourier 
transformations and transfer functions based on 
a SDOF model that is o�en not explicitly stated  
(Peltola 1996b; Rudnicki et al. 2008; Schindler 2008). 

A simple model of a tree (Figure 1a) has a 
dynamic response whose response amplitude is fre-
quency dependent. Depending on the frequency of 

sway, the dynamic 
response is domi-
nated by sti�ness, 
damping, or inertia 
(Balachandran and 
Magrab 2004). At 
low frequencies, the 
response is domi-
nated by sti�ness. 
As the frequency 
of the applied 
force increases, the 
dynamic response 

increases until it equals the natural frequency of the 
system. At this point resonance occurs and there is 
an ampli�cation of the sway, which depends on the 
damping, and is known as the damping-dominated 
region. As frequencies increase further, the rapid 
force impulses do not cause the mass to move because 
of its inertia; this is known as the inertial region.

In the damping-dominated region, at fre-
quencies close to the natural frequency, the 
ampli�cation of sway response has been 
described for trees as a DAF (Sellier and Four-
caud 2009; Ci�ci et al. 2013) (James 2010).

�e DAF applied to trees by Sellier and Four-
caud (2009) was de�ned as the ratio of the maxi-
mum displacement under turbulent wind to the 
displacement caused by the static, instantaneous 
wind force. DAF was calculated at breast height 
and at the base of the live crown of a 35-year-old 
maritime pine (Pinus pinaster Ait.), with values 
between 0.98 and 1.19. �ese values seem low 
due to the DAF being based on displacements, 
which at breast height would always be small. 
Ci�ci (2012) used FEM to investigate the e�ect 
of branches on DAF of a large sugar maple (Acer 
saccharum L.), also �nding that changes to tree 
geometry induced greater changes in DAF. How-
ever, recent studies have indicated that di�erent 
growth forms in woody plants show distinct onto-
genetic trends in mechanical properties (Dahle 
and Grabosky 2010b; Speck and Burgert 2011), so 
material properties cannot be ignored in dynamic 
analyses (Moore and Maguire 2008; Ci�ci 2012).

�e DRF (James 2010) was de�ned as the 
ratio of maximum base moment to mean 
base moment. It varied among species; more  
�exible trees (Cupressus sempervirens L., Wash-

Figure 1. Dynamic models using a spring-mass-damper system representing: (a) a tree as a single mass 

(Miller 2005), and (b) as multiple masses with a trunk and branches (James et al. 2006).
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ingtonia robusta H. Wendl.) exhibited higher val-
ues than sti�er trees (Agathis australis D. Don).

Damping has the e�ect of reducing the ampli-
tude of oscillation and is most e�ective around the 
natural frequency region. Damping has little e�ect 
at lower frequencies, shown as the static region, 
and also has little e�ect at the higher frequen-
cies where the inertia of the mass is the dominant 
e�ect on the response. Damping is usually not well 
understood in vibrating structures (Clough and 
Penzien 1993) and may be more complex in nature 
as it may have a non-linear response to produce 
so� and hard spring mass systems (Miller 2005). 
In trees, damping forces are considered veloc-
ity dependent (Kollmann and Krech 1960; Moore 
and Maguire 2004; Jonsson et al. 2007) and include 
frictional forces, aerodynamic drag, collisions, 
and internal (viscoelastic) forces (Milne 1991).

Because the amplitude response of a dynamic 
structure is frequency dependent, the natural fre-
quencies of trees have been investigated by either 
(a) inducing sway in still air conditions, usually 
with an attached rope (Sugden 1962; Mayhead 
1973a; Mayhead et al. 1975; Milne 1991; Gardiner 
1992; Roodbaraky et al. 1994; Guitard and Cas-
tera 1995; Baker 1997; Flesch and Wilson 1999; 
Moore and Maguire 2004; Jonsson et al. 2007; 
Kane and James 2011) or (b) by measuring the tree 
response in wind conditions and using a power 
spectrum approach (Holbo et al. 1980; Peltola et al. 
1993; Gardiner 1995; Hassinen et al. 1998; James 
et al. 2006; Moore 2008; Rudnicki et al. 2008).

Complex mass models of trees (e.g., Figure 1b) 
produce more complex dynamic responses known 
as multimodal responses, which are discussed 
later in this review, and also develop mass damp-
ing when two or more coupled masses oscillate.

Dynamics of Beams with Distributed 
Mass
Another method of dynamic analysis considers 
the structure of a beam or column with the mass 
distributed along its length. �e dynamic equa-
tion for a uniform vibrating beam is a fourth-
order partial di�erential equation that is accu-
rate for small de�ections, and has been used to 
study the oscillations and damping of the stems 
of woody and non-woody plants (Finnigan and 
Mulhearn 1978; Mayer 1987; Spatz and Speck 

2002; Brüchert et al. 2003; Speck and Spatz 2004). 
Using this equation for tree analysis assumes the 
tree is like a beam with mass distributed along its 
length. �e �rst structural model of a tree (Green-
hill’s model, Spatz 2000) considered the tree as a 
pole (Figure 2), and used a static analysis to cal-
culate how tall a tree could grow before it buck-
led under its own weight (Spatz 2000). �ere was 
no consideration of dynamic loads from winds.

Greenhill’s (1881) simple pole model for trees 
has been the conceptual basis for both static and 
dynamic analyses and has been used to analyze 
dynamics of trees growing in closely spaced planta-
tions or forests (Papesch 1974; Finnigan and Mul-
hearn 1978; Mayer, 1987; Wood 1995; Peltola 1996b; 

Figure 2. Plant stems considered as a beam with distributed 

mass (Brüchert et al. 2003).
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Flesch and Wilson 1999; Gardiner et al. 2000; Spatz 
2000; Novak et al. 2001; Spatz and Speck 2002; 
Bruchert et al. 2003; Gardiner et al. 2005; Jonsson 
et al. 2007; Spatz et al. 2007; Moore and Magu-
ire 2008; Rudnicki et al. 2008; Schindler 2008).

�e dynamic response of an oscillating beam is 
more complex than for a single mass because the 
beam can vibrate in many modes. �e �rst mode is 
a simple back and forth sway of the whole beam at 
a frequency known as the natural or fundamental 
frequency. Other sway responses are possible and 
the beam may de�ect in di�erent shapes (known 
as mode shapes) that occur at di�erent frequen-
cies (Figure 3a). In theory, a beam considered a 
uniform continuous structure has an in�nite num-
ber of vibrating modes, but in practice, most of the 
energy of vibration occurs in the �rst few modes. 
�e �rst or fundamental mode occurs at the lowest 
frequency, and has the most energy and amplitude. 

Finite Element Method
In dynamic analysis, FEM combines features of 
both the lumped mass and uniformly distrib-
uted mass procedures. It is applicable to all struc-
tures and requires computer analysis due to the 
complex calculations (Sellier et al. 2006, Dupuy  
et al. 2007; Rodriguez et al. 2008; Moore and  
Maguire 2008; Sellier and Fourcaud 2009; 
�eckes et al. 2011; Ci�ci 2012; Ci�ci et al. 2013).

FEM divides a structure or beam into an appro-
priate number of elements whose sizes may vary, 
and the ends of each element (nodes) become the 
generalized coordinates. The deflection of the 
complete structure can then be expressed in terms 
of generalized coordinates. This method is good 

for one- and three-
dimensional struc-
tures and has the 
advantage of being 
able to select the 
desired number of 
generalized coor-
dinates by divid-
ing the structure 
into the appro-
priate number of  
segments. For uni-
form materials, 
such as steel and 
concrete, interpo-

lation functions of each segment may be identi-
cal and computations are simplified (Figure 4). 

An advantage of FEM is that complex wind-
loading scenarios can be modeled. �e dynamic 
response of the structure (i.e., the tree) is important, 
but an equally important factor is the wind loading, 
which can be quite complex (Finnigan and Bru-
net 1995; Belcher et al. 2012). Recent FEM studies 
have investigated tree response to di�erent wind-
loading scenarios (Sellier et al. 2008; Sellier and 
Fourcaud 2009). Use of FEM to explore the complex 
structural dynamics of decurrent trees holds great 
promise, but it requires accurate empirical mea-
surements of many parameters peculiar to the tree 
and loading conditions to produce a reliable result.

STRATEGIES USED IN DYNAMICS  
RESEARCH ON TREES

Di�erent strategies have been used by vari-
ous researchers to study tree biomechanics,  
and tree dynamics in winds. In this re-
view the strategies are broadly grouped as:

Figure 3. Dynamic modes applied to trees: (a) modes of a beam (Schindler et al. 2010) and (b) modes of 

branched structures (Rodriguez et al. 2008).

Figure 4. Finite element models showing the crown struc-

ture of three trees (Moore and Maguire 2008).



Arboriculture & Urban Forestry 40(1): January 2014

©2014 International Society of Arboriculture

7

1. Forestry – (trees in groups) economic damage 
on plantation grown trees,

2. Open-grown trees – (individual trees with 
branches, both excurrent and decurrent) tree 
stability and risk assessment, predominantly 
in urban areas,

3. Wind tunnels – small trees to measure drag 
coe�cients in constant velocity winds, and

4. Modeling – (dynamic models of trees) com-
puter studies, �nite element methods and 
mathematical modeling.

Forestry
Forestry studies examine plantation trees (mainly 
conifers) and the economic losses caused by dam-
aging winds (Moore and Maguire 2005; Peltola 
2006), usually with the aim to determine thresh-
old values of storm damage. �reshold values  
include wind speed, gustiness, duration of storm, 
terrain, soil type, soil moisture, stand characteristics  
(e.g., height, density, diameter at breast height, 
crown length), and the physical condition of a tree 
(Mayer 1987). �e threshold value of wind speed at 
which damage to trees occurs, termed the critical  
wind speed, is an important variable for forest 
managers (Peltola 2006) and in forest modeling 
(Gardiner 1995; Moore and Maguire 2004; Frank 
and Ruck 2008). �e factors of site, tree species, 
soil, wind climate, critical wind speed, and sil-
vicultural treatments, such as thinning, are con-
sidered together in order to calculate the risk of 
damage to a naturally regenerated forest or plan-
tation. �e forestry studies estimate the percent 
damage to a group average of trees, rather than 
explicitly predicting failure of any individual tree.

To predict the percentage of trees in a forest 
stand likely to fail during a storm, mechanistic 
models have been developed (Gardiner et al. 2008; 
Frank and Ruck 2008; Schelhaas 2008; Wood et al. 
2008). �e models calculate the critical wind speed 
required to break or overturn trees, and then deter-
mine the probability of damage at the geographic 
location of the trees, based on some assessment 
of local wind climatology and empirical relation-
ships. Models have been shown to be valid in cer-
tain circumstances (Gardiner et al. 2000), but 
their deterministic nature is sometimes at odds 
with �eld observations of wind throw. By de�ni-

tion, the models are restricted to excurrent trees 
in plantations and are really an application of stat-
ics to a dynamic phenomenon, and so are not yet 
applicable to open-grown trees in urban areas.

�ere has been considerable work using static 
pulling tests, mainly on forest conifers (Nicoll et 
al. 2006) and on small and young trees (Lund-
ström et al. 2007) with a high slenderness ratio usu-
ally above 50 and o�en over 100 (e.g., slenderness 
values [46-136] Hale et al. 2010; [58-94] Jonsson 
et al. 2006). Tree-pulling tests have had an impor-
tant role in providing valuable information on 
mechanical stability of trees of varying size and tree 
species, and the information is useful in mecha-
nistic modeling, but the simulation of static load-
ing by tree pulling alone is not enough to explain 
the mechanical stability of trees (Peltola 2006). 

�e critical wind speeds that cause failure depend 
on tree species, growth pattern, and location, and 
estimates vary. However, ultimately few tree species 
can survive violent storms with mean wind speeds 
over a period of 10 minutes, exceeding 30 m s-1 near 
the top of the canopy without damage (Peltola 1996a). 

Open-grown Trees
�e distinction between open-grown trees and 
forest trees is made in this review because of dif-
ferences in the growth and form of the trees, par-
ticularly with respect to their canopy architecture. 
Research on dynamic response of forest trees may 
not be applicable to open-grown trees that develop 
a complex distribution of branch masses. When 
applying dynamic methods to tree sway in winds, 
recent research has indicated that the branches and 
the form of the tree are important in understanding 
how trees respond in winds (James et al. 2006; Spatz 
et al. 2007; Rodriguez et al. 2008; Sellier and Four-
caud 2009; �eckes et al. 2011; Ci�ci et al. 2013).

Research on open-grown trees in winds aims to 
understand how individual trees respond in winds, 
and investigates aerodynamic properties (Baker 
and Bell 1992; Roodbaraky et al. 1994; Baker 1997; 
Ennos 1999), dynamic properties of frequency 
and drag (Kane and Smiley 2006; Kane and James 
2011), e�ect of pruning dose on wind response (Gil-
man et al. 2008a; Gilman et al. 2008b; Pavlis et al. 
2008), and wind loads (James 2006; James 2010).

�ere is very little data on the wind loading of 
open-grown trees during storms, and much of what 
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we know about how trees fail comes from post-
storm tree damage surveys (Duryea et al. 2007; 
Lopes et al. 2007; Kane 2008; Matheny and Clark 
2009). Extreme European wind storms on Decem-
ber 26–28, 1999, were directly responsible for killing 
95 people in France; 15 in Germany; 11 in Switzer-
land; 11 in the United Kingdom; and 5 in Spain. 
Damage was estimated at more than USD $10 bil-
lion where wind speeds exceeding 160 km/h were 
recorded along the French coast (Lopes et al. 2007).

�ere is currently no de�nitive method to pre-
dict failure of an individual tree. Arboricultural 
assessments of trees include visual tree assessment 
(Mattheck and Breloer 1994), tree risk assessment 
methodology (Smiley et al. 2011), quanti�ed tree 
risk assessment (Ellison 2005), and statics inte-
grated methods that combine static pulling with 
dynamic wind load assessment (Wessolly 1991; 
Brudi and van Wassenaer 2002; Detter and Rust 
2013). �e e�ect of pruning dose and trunk move-
ment in tropical storm winds has been investigated 
(Gilman et al. 2008a), using arti�cially generated 
winds at speeds up to 26.8 ms-1 on trees of 6.1 m 
average height. Trees generally moved similarly 
in wind regardless of ANSI pruning type applied, 
although crown/branch thinning may be more 
e�ective in reducing motion than other prun-
ing types. Gilman et al. (2008a) suggested that 
it may not be wise to extrapolate these results to 
larger trees, and that further testing is required to 
examine the pruning e�ect of individual branches 
when they are coupled as a continuous dynamic 
structure. Con�icting results were obtained in 
further studies using similar trees and methods, 
where crown thinning was less e�ective at reduc-
ing trunk movement (Gilman et al. 2008b). In this 
study it was noted that branches on thinned trees 
appeared to move more than branches on other 
treatments but not in the same direction. �is com-
plex branch movement indicates that the dynamic 
e�ects of branches may play an important role in 
acting as a bu�er to dampen and reduce motion 
(Moore and Maguire 2005; James et al. 2006).

Wind Tunnels
Wind tunnel tests have been used to study wind ef-
fects on trees, but there are serious limitations due to 
the size of the wind tunnel and the trees that can �t 
into them. In general, derived results are only strictly  

applicable under similar conditions, but the forces 
are of the right magnitude for mechanistic models, 
similar to static pulling experiments (Peltola 2006). 
Scale models of trees have been used in wind tunnels 
to represent forest trees, to study the dynamics of 
wind turbulence on forest canopies and to examine 
the e�ects of commercial practices such as thinning 
and spacing (Stacey et al. 1994; Gardiner and Sta-
cey 1996; Gardiner et al. 1997; Gilman et al. 2008a).

By necessity, trees in wind tunnels are small and 
the wind �ow conditions are steady state or quasi-
static (Holmes 2007) and drag dominated. Because 
conditions in wind tunnels are quasi-static, tests on 
trees have previously been reported in static papers 
on trees (Peltola 2006) rather than in dynamic 
reviews. One of the problems with results from wind 
tunnel tests is the question of scale, and how to select 
the appropriate wind speed in relation to the scale 
of the model and of full-sized trees (Peltola 2006).

Wind tunnel tests on trees have been performed 
on individual scale models (Tevar Sanz et al. 2003; 
Gromke and Ruck 2008), on model canopies (Finni-
gan and Mulhearn 1978; Wood 1995; Gardiner et al. 
1997; Novak et al. 2001; Gardiner et al. 2005), and on 
small trees (Fraser 1967; Mayhead 1973b; Rudnicki 
et al. 2004; Vollsinger et al. 2005; Cao et al. 2012) and 
individual leaves (Vogel 1989). Some studies con-
ducted in wind tunnels have investigated the e�ect of 
pruning on drag of conifers (Fraser 1967; Mayhead 
et al. 1975; Rudnicki et al. 2004) and deciduous trees 
(Vollsinger et al. 2005), but interpretation of results 
is limited because few replications were used (Fraser 
1967; Mayhead et al. 1975) and the trees were small 
(less than 2 m tall) (Rudnicki et al. 2004; Vollsinger 
et al. 2005). Smiley and Kane (2006) and Pavlis et 
al. (2008) simulated wind tunnel conditions by plac-
ing small trees on the back of a truck and driving 
at high speed. �ey examined the e�ect of prun-
ing on drag reduction by applying di�erent prun-
ing methods. Reduction in drag induced bending 
moment di�ered by pruning type, mainly due to the 
mass of foliage removed, but predicting the reduc-
tion in drag was not reliable based on area of crown 
removed. Tree mass was the best predictor of drag for 
red maple (Acer rubrum), but these results were on 
small trees, and the authors recommended caution 
when extrapolating drag values to larger red maples.

A frequently cited study of drag on British forest 
trees (Mayhead 1973b) used a wind tunnel to deter-
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mine drag coe�cients, but Mayhead commented that 
it is probably unsound to test trees less than 3–4.5 m 
high because larger trees have a di�erent morphol-
ogy (Niklas 1994a; Niklas 1995; Osunkoya et al. 
2007; Dahle and Grabosky 2010a). Mayhead (1973b) 
found large variations in results both between and 
within species and suggested that the range of varia-
tion was either natural or a result of poor technique. 

Wind tunnels are used by civil engineers to deter-
mine drag on solid objects known as blu� bodies 
(Holmes 2007), and constant wind velocity is used 
to create steady state or quasi-static conditions. Blu� 
bodies have a �xed frontal area exposed to the wind, 
a �xed shape that has a set value of streamlining, and 
a constant drag coe�cient that is proportional to 
the square of velocity. Results from small blu� body 
models may be scaled up for large structures such, 
as tall buildings, where additional factors, such as 
the aerodynamic admittance function, may need 
to be considered (Holmes 2007). �ese methods  
may not be suitable for �exible objects, such as trees, 
because the response of small-scale models under 
constant wind speed conditions may not represent 
the response of large trees under actual wind con-
ditions (Mayhead 1973b). �e drag coe�cient for 
trees may not be a constant value and could be pro-
portional to wind speed (v) or the square of wind 
speed (v2) (Cullen 2002b). Average values of drag 
for trees are o�en quoted, but the large range and 
variability is o�en overlooked. Mayhead (1973b) 
reported drag coe�cients for several conifer spe-
cies of importance to British forestry and the results 
have become standard values used in windthrow 
risk modeling, despite very small sample sizes 
(e.g., Gardiner et al. 2000). Gardiner et al. (2005) 
cautioned that these wind tunnel tests are a sim-
pli�cation of a real forest, and in some instances 
can only provide a rough approximation to reality.

COMPLEX TREE MODELS
All models used for dynamic analysis of trees make 
assumptions, but some assumptions (e.g., ignoring 
branches or treating them as rigid, lumped masses) 
may not adequately represent the complex dynamic 
response of trees (Moore and Maguire 2004). More 
complex models are needed to account for di�erent 
tree shapes and species, and in particular account for 
the dynamic in�uence of branches (Kerzenmacher 
and Gardiner 1998; England et al. 2000; Sellier and 

Fourcaud 2009; �eckes et al. 2011; Ci�ci 2012; 
Ci�ci et al. 2013). �e dynamic e�ect of branches 
on frequency and damping became increasingly im-
portant as crown architecture deviated from a slen-
der, cantilevered beam (Sellier and Fourcaud 2009).

Models of trees must account for the dynamic 
contribution of branches, particularly in trees 
where the mass of branches is signi�cant. For com-
plex botanical structures, such as trees, a multi-
degree of freedom system or a multimodal analysis 
is required to account for complex dynamic inter-
action of the branches and trunk (de Langre 2008; 
Rodriguez et al. 2008). �e dynamics of trees with 
many large branches is complex because the sway-
ing branches are attached to other swaying branches 
and then to the trunk. Each of the swaying masses 
in�uences the other swaying masses to create dif-
ferent modes of sway and also has an e�ect on the 
frequencies and damping of the overall structure. 
How the branched architecture and tree geometry 
in�uences the dynamics of the tree is therefore a 
central question to be investigated (Rodriguez et al. 
2008). Multimodal analysis has only been used in a 
few studies to analyze the dynamic characteristics 
of trees (Fournier et al. 1993; Moore and Maguire 
2005; Sellier et al. 2006; de Langre 2008; Rodriguez 
et al. 2008; Ci�ci 2012; Murphy and Rudnicki 2012).

Multimodal response can occur in two di�erent 
ways: (a) in beams (Figure 3a) and (b) in branched 
structures (Figure 3b). Multimodal response in beams 
occurs where the distributed mass along a single 
beam �exes in a number of modal shapes (Figure 3a) 
and is described previously in the section on beams. 
Although it is a multimodal dynamic analysis, the 
beam model does not account for oscillating branches. 

Multimodal response in branched structures 
(Figure 3b) occurs when several coupled masses 
(branches) oscillate in a complex manner, o�en with 
an in-phase and out-of-phase response so that sev-
eral modal sway responses are possible. �e coupled 
masses, with their individual oscillation response, 
are connected to another oscillating mass, resulting 
in a coupled response of the combined masses. �e 
branched multimodal method has been applied to 
trees where the branches are considered as coupled 
masses that oscillate on the trunk, which itself is 
an oscillating mass (James et al. 2006; Spatz, 2007; 
Rodriguez et al. 2008; �ekes et al. 2011; Ci�ci 
2012; Murphy and Rudnicki 2012; Ci�ci et al. 
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2013). It is possible to extend this branched con-
cept to second- and third-order branches where the 
complexity could be expected to increase further.

Complex models of trees that represent the 
dynamic oscillations of branches have used either 
(a) a multiple spring-mass-damper model (James 
2003; James et al. 2006; Spatz 2007; �ekes et al. 
2011; Murphy and Rudnicki 2012) or (b) a FEM 
approach (Rodriguez et al. 2008; Ci�ci 2012; 
Ci�ci et al. 2013) where modes are generated from 
branches moving together or apart in a complex 
manner (as in a fractal tree) (Rodriguez et al. 2008).

Where multimodal response occurs due to the 
swaying branches oscillating with each other, a 
damping e�ect known as mass damping may occur. 
A mass damping system described by Den Hartog  
(1956) has been de�ned for trees (James et al. 2006), 
and occurs when the branches sway together (in phase) 
or against each other (out of phase) in a complex man-
ner. Damping from branches has been identi�ed for 
a two degree-of-freedom system in a T- or Y-shaped 
branched structure (Spatz et al. 2007; de Langre 2008; 
James 2010; �ekes et al. 2011; Murphy and Rud-
nicki 2012; Spatz and �ekes 2013) based on a tuned 
mass damper system and in trees creates a modal 
energy transfer (de Langre 2008; �ekes et al. 2011; 
Spatz and �ekes 2013) as a protective mechanism 
against large sways. Complex dynamics that include 
branches could be bene�cial to the tree by enhancing 
wind energy dissipation through a mechanism called 
multiple resonance damping (Spatz et al. 2007), mul-
tiple mass damping (James et al. 2006), or branch 
damping (Spatz and �ekes 2013). A prerequisite for 
this mechanism to occur is a multimodal behavior  
of the tree, with high modal density in the fre-
quency range and signi�cant branch deformations. 

�is dynamic response was found for trees with 
contrasting architectures in a three-dimensional  
modal analysis and FEM modeling (Rodriguez  
et al. 2008). Branch oscillations in�uence the 
dynamic behavior of trees to a greater extent 
than can be explained simply by their additional 
mass (Moore and Maguire 2008; Ci�ci 2012).

TREE MORPHOLOGY AND MATERIAL 
PROPERTIES

Size and morphology of trees need to be considered 
when using complex dynamic analyses because the 
dynamics of branches a�ects the oscillating fre-

quency and damping of the whole tree (Rodriguez 
et al. 2008; Speck and Burgert 2011). In a study of 
tree aerodynamic behavior it was found that ma-
terial properties play only a limited role in tree  
dynamics (Sellier and Fourcaud 2009). In contrast, 
small morphological variations can produce extreme 
behaviors, such as either very little or nearly critical 
dissipation of stem oscillations. E�ects of branch  
geometry on dynamic ampli�cation are substantial yet 
not linear (Sellier and Fourcaud 2009). Recent stud-
ies in the biomechanics of plant stems indicate that 
di�erent growth forms in woody plants show distinct 
ontogenetic trends in mechanical properties (Dahle  
and Grabosky 2010b; Speck and Burgert 2011).

Open-grown trees have diverse branch morphol-
ogy, as shown in a survey of 40 woody tree and shrub 
species in New York (Evans et al. 2008). �e size of a 
tree is also an important parameter because large trees 
have a di�erent morphology to small trees, and it is 
probably unsound to test trees less than 3–4.5 m tall 
(Mayhead 1973b). �e morphology of branches also 
changes with size (Bertram 1989; Dahle and Grabosky 
2010a), which must be taken into account. Natural 
morphological variation within and across species 
of open-grown trees need to be considered, and care 
taken when attempting to scale up results and extrap-
olate data. (Mayhead 1973b; Gilman et al. 2008a) 

Dynamics studies of olive trees (Castro- 
Garcia et al. 2008) and walnut trees (Rodriguez et 
al. 2012) swaying under forced vibration during 
harvesting also show the multimodal response, 
similar to the wind excitation results, which is due 
to the dynamic interaction of branches on the tree.

CONCLUDING REMARKS
�e dynamic response of open-grown trees in 
winds is greatly in�uenced by the size and form 
of the tree, and at least partly due to the dynam-
ics of branches. Simple models have been used 
for forest and plantation trees and are useful for  
dynamic analysis of slender trees with few branches. 
However, more complexity, such as through a mul-
timodal approach, is needed for a dynamic analysis  
of open-grown trees, because the dynamic cou-
pling of branches has an in�uence on the response 
of the tree (de Langre 2008; Rodriguez et al. 2008).

�ere appear to be gaps in the literature on several  
topics relating to dynamic analysis of open-grown 
trees and their response in winds, including:
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1. Recommendations for pruning open-grown 
trees to reduce wind damage (Gilman et al. 
2008b).

2. �e dynamic contribution and the damping 
e�ects of branches. Studies indicating that the 
form of the tree has a greater in�uence than 
the material properties (Sellier and Fourcaud 
2009) have implications for branch removal 
and future pruning practices.

3. Modeling of open-grown trees should account 
for the multimodal branch response. �e com-
plexity of dynamic analysis is likely to increase 
in the near future but will need to be con-
densed into simpler methods for practical use.

4. Tree failure under actual wind conditions has 
not yet been measured (Hale et al. 2010), and 
so extending the results from current research 
is di�cult, especially when trying to deter-
mine tree failure and stability in winds.

5. Associated with tree failure is the understand-
ing of the energy transfer from the wind to the 
tree. �ere is little published data on actual 
wind loads on trees and understanding the 
energy transfer process may assist in under-
standing how trees and branches dissipate 
energy and dampen the wind energy. �is may 
be an important factor in understanding how 
trees survive otherwise damaging winds.

6. Finally, the topic of torsional forces and loads 
on trunks and branches has not yet been 
investigated, yet may be critical in under-
standing the total loads on trees (Niklas 1992).  
Torsional forces that twist trunks and branches 
are observed in trees during winds, but no 
method has yet been developed to measure the 
dynamic torsional loads experienced by trees 
during winds.
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Résumé. Un examen de la documentation sur les études bio-
mécanique des arbres à l'aide de méthodes d'analyse dynamique 
est e�ectué. L'accent est mis sur la biomécanique des arbres cul-
tivés à l’air libre que l’on trouve généralement dans les zones  
urbaines plutôt que dans les forêts ou les plantations. La distinction 
n'est pas e�ectuée sur les espèces mais sur leur forme, car les arbres 
cultivés à l’air libre se développent habituellement avec une masse 
de branche considérable et leur réponse dynamique aux vents est 
certainement di�érente que celle d'autres formes d'arbres. Des mé-
thodes d'analyse dynamique appliquées aux arbres sont examinées. 
Des modèles d'arbres simples ont été développés pour comprendre 
leurs réponses dynamiques, mais ceux-ci ignorent la dynamique 
des branches. Des modèles plus complexes et des analyses par élé-
ments �nis sont en train de développer une approche multimodale 
pour représenter la dynamique de branches d’arbres. Les résultats 
indiquent que les propriétés des constituants jouent un rôle limité 
dans la dynamique des arbres. Les paramètres qui peuvent in�u-
encer leur dynamique sont la forme et la morphologie de l’arbre 
lui-même et de ses branches.

Zusammenfassung. Hier werden Studien zur Baummechanik 
betrachtet, die dynamische Analysemethoden verwenden. Der 
Fokus dieses Überblicks liegt bei der Biomechanik von frei wachsen-
den Bäumen, wie sie üblicherweise in urbanen Räumen angetro�en 
werden, im Vergleich zu eng stehenden Wald- oder Plantagenbäu-
men. Der Unterschied basiert nicht auf der Baumart, sondern in 
der Form, weil frei wachsende Bäume gewöhnlich eine breite Krone 
ausbilden und die dynamische Reaktion bei Windlast anders ist als 
bei anderen Baumkronenformen. Verschiedene angewendete Meth-
oden zur dynamischen Analyse werden vorgestellt. Einfache Baum-
modelle wurden entwickelt, um die dynamische Reaktion von Bäu-
men zu verstehen, aber diese ignorieren größtenteils die Dynamik 
der Äste. Komplexere Modelle und begrenzte Analysen der Elemente  
entwickeln einen multimodalen Ansatz zur Repräsentation der  
Ast-Dynamik bei Bäumen. Die Ergebnisse verdeutlichen, dass die 
Materialeigenscha�en nur eine begrenzte Rolle dabei spielen und 
es ist die Form und Morphologie der Bäume und Äste, die die  
Dynamik des Baumes beein�ussen kann. 

Resumen. Se revisan estudios de biomecánica del árbol utilizan-
do métodos dinámicos de análisis. El énfasis es sobre la biomecánica 
de los árboles que crecen a campo abierto, que típicamente se en-
cuentran en zonas urbanas, antes que aquellos de bosques o planta-
ciones. La distinción no se basa solo en especies, sino en su forma, 
ya que los árboles en áreas abiertas por lo general crecen con una 
considerable masa de  ramas y la respuesta dinámica de los vientos 
puede ser diferente a otras formas de los árboles. Son revisados los 
métodos de análisis dinámicos aplicados a los árboles. Se han desar-
rollado modelos simples para entender las respuestas dinámicas de 
los árboles, pero éstos ignoran en gran medida la dinámica de las ra-
mas. Modelos más complejos y los análisis de elementos �nitos están 
desarrollando un enfoque multimodal para representar la dinámica 
de las ramas de los árboles. Los resultados indican que las propie-
dades de los materiales juegan un papel limitado en la dinámica de 
los árboles y que es más bien la forma y la morfología del árbol y de 
las ramas las que lo pueden estar haciendo.


