
Trees are tall woody perennial plants with a porous and flexible sail, held aloft on a tapered mast with a stiff core
covered by a reactive skin, and sitting upon and woven into a near-surface soil matrix.  The three primary
structural components of tree resistance to a chaotic and variable environment are its sail, height, and size.
Figure 1.  (Coder 2021a)   This training manual will examine all three of these structural components and their
interactions with wind loads.

A Full Sail

Understanding wind loads on trees is appreciating drag against, over and through tree crowns, both with and
without leaves.  Figure 2.  Wind loads on trees with leaves greatly exceeds trees without leaves as wind velocity
increases.  How big is a tree’s sail and how much wind does it catch?  First, how large are the wind loads?  The
wind load on a tree per square foot of area rapidly accelerates as wind velocity increases.  Figure 3.  For every
doubling of wind velocity, wind loads on tree surfaces increase by roughly four times (i.e. quadruples).
Estimated wind pressures in pounds per square feet (lbs/ft2) on tree frontal area can be calculated under
standard conditions for various wind velocities in miles per hour (mph), allowing for recognition of load values
on trees.  (Coder  2021d)  Figure 4.

The amount of load applied across the side face or frontal area of a tree crown, as well as through the crown
volume, is not determined solely by the total amount of momentum present in wind.  Depending upon tree
structural density and its flexibility to fall back against the wind, some portion of wind load is applied to tree
components, and some portion passes by.  (Gardiner et al.  2016)  The total force (F) applied to a tree sail by
wind is:  F =  (0.5 X  air density)  X  frontal area of tree toward wind  X  tree drag coefficient  X  wind speed
squared modified by a Vogel number.  (Gardiner et al.  2016;  Mayhead  1973)

Frontal areas of trees appear as critical load variables in many tree failure formulae.  (Peltola et al.  2000)
Figure 5 shows relative frontal areas by standard crown shapes.  In looking at a combined formula for tree
stability (derived from Fournier et al.  2013;  Jackson et al.  2019;  Niez et al.  2019), increases in tree frontal
area, drag coefficient, total height, crown mass and crown asymmetry are all changing over time at different
rates, and all interact to cause tree failure from wind and gravity loads.
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Facing The Wind

As wind speed increases, the frontal area of a tree and drag coefficient are reduced, while crown porosity
increases.  (Borisevich & Vikhrenko  2018;  Gardiner et al.  2016;  Kitagawa et al.  2015;  Koizumi et al.
2016;  Manickathan et al.  2018;  Moore et al.  2018;  Vollsinger et al.  2005)  Figure 6 shows a simple
structural model with load centers and significant tree measures.  Foliage, twig, and branch reconfiguration and
streamlining play important roles in tree wind loads.  Figure 7 provides one means of estimating tree
reconfiguration or reorientation back against the wind.  As wind pressure increase, tree crowns reach maxiumu
reconfiguration at wind speeds of approximately 55 mph or a frontal pressure of 8 pd/ft2.  (Coder  2021d)
Wind forces are highly variable on porous crowned, flexible trees where frontal areas decline with increasing
wind speed as branches and leaves streamline downwind.

Examples of crown reconfiguration include, a 45 mph wind reduced tree frontal area by ~43% compared with a
tree standing in still air.  (Rudnicki et.al  2004)  Frontal area of trees were reduced in a 45 mph wind by 20% to
54%  (Moore et al.  2018), with an average of 28%.  (Vollsinger et al.  2005)  Figure 8.  Tree reconfiguration
and reduction of crown frontal area was 20% for wind speeds less than 22 mph, and 60% for wind speeds
more than 45 mph (Wu & Shao  2016).  Arboricultural practices helped reduce frontal crown areas ~32% with
intensive pruning, which was equivalent to a tree streamlining in a 40 mph wind.  (Kitagawa et al.  2015)
Remember across these tree studies, there is only a limited set of species, populations, crown forms, and wind
environments examined.

Crown Density

Another component of tree frontal area blocking wind is associated with crown density.  Visible crown porosity
or openness shows how easily wind enters and passes through a tree crown.  As wind load increases, crown
frontal area decreases and crown porosity increases.  (Gardiner et al.  2016)   There are two measures of
crown porosity in trees:  optical porosity estimating crown density by a visual mix of open and closed spaces;
and, aerodynamic porosity measured by how wind moves through the crown.  (Gonzales et al.  2018)  Figure 9
shows various levels of crown optical porosity or visual density, and wind flow through a tree crown termed
aerodynamic porosity.

With increasing aerodynamic porosity up to 40%, air flow is moving around a tree crown, and wind loads
increase.  Above this critical level of aerodynamic porosity, wind flow bleeds through tree crowns and relative
wind loads begin to fall quickly.  (Manickathan et al.  2018)  As wind speeds increase, frontal area of a tree and
its drag coefficient change, and eventually aerodynamic porosity increases due to tree reconfiguration and
streamlining.  (Borisevich & Vikhrenko  2018;  Gardiner et al.  2016;  Koizumi et al. 2016;  Manickathan et al.
2018;  Mayhead  1973)

Wind Sieve

Comparing a visual assessment of crown density versus actual aerodynamic crown density or openness shows
visual estimation of crown density or porosity underestimates actual wind load impacts through tree crowns.
(Manickathan et al.  2018;  Gonzales et al.  2018)  Figure 10.  Tree crown porosity measures and associated
wind loads are important considerations for tree health care providers.  Small, initial changes in crown density
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by increasing porosity through crown thinning and pruning, might actually increase total wind loads on a tree as
drag increases.  Figure 11.  More intensive crown thinning (>40% aerodynamic porosity) might significantly
increase crown porosity and reduce tree wind loads.  (Manickathan et al.  2018)

Drag  Coefficient

Only a portion of energy in a wind stream is transferred to a tree.  A drag coefficient represents the portion of
wind momentum absorbed by a tree.  (Gardiner et al.  2016)  A drag coefficient is a measure of tree surface
area or volume directly interacting with or blocking wind.  Interestingly, drag coefficients determined under open
landscape conditions with dynamic wind loads and full-sized trees are significantly greater than drag coefficients
measured in indoor wind tunnel tests or generated by computer imaging.  (Koizumi et al. 2016)

Wind load on a tree is always a combination of tree frontal area toward the wind, wind speed, and drag
coefficient.  Drag coefficients in trees decrease with increasing wind speed.  (Gardiner et al.  2016;  Mayhead
1973)  Trees streamline, reorient, or reconfigure in either a plastic (flexing) or brittle (breaking) way.  As tree
parts fall back against increasing wind, frontal areas change and drag coefficients decline until a tree cannot
reconfigure anymore without breaking.  As wind speeds increase to greater than ~65 mph, and trees complete
all plastic reconfiguration possible, drag coefficients become nearly constant.  (Mayhead  1973)

Different Coefficients

Drag coefficients can vary by season, species, and measurement method.  Leaves being off or on a tree make a
great difference.  Because tree frontal areas reconfigure (becomes smaller) with increasing wind speed, drag
coefficients change.  Drag coefficients should always be identified with the wind speed when they were
measured.  Examining a number of tree drag coefficients from recent research papers showed the range,
variation, and values of tree drag coefficients.  Figure 12.  Average tree drag coefficients were found to be:
0.55 (static measure, n=15 since 2014);  0.54 (at 22 mph, n=8 since 2015);  and, 0.34 (at 45 mph, n=16 since
2005).

For all tree drag coefficients, average leaves-on was 0.72, and average leaves-off was 0.41, suggesting leaves
account for an average of 0.31 of a tree drag coefficient value.  Large variations are present for tree drag
coefficients at wind speeds below 16 mph due to swaying and associated damping of stem and branches.  As
wind speeds increase, less swaying is present and drag coefficients approach a constant value.  (Koizumi et al.
2016;  Rudnicki et al.  2004)

Vogel Corrections

The final modification needed for understanding tree sail resisting wind loads is wind speed.  Wind loads in trees
are not proportional to simply wind speed squared as with static objects.  (Moore et al.  2018)  The squared
value of wind speed must be reduced because trees are not static solid objects like a building or a car, but
actively reorient and streamline – falling back against the wind.  Assessing reorientation of trees through wind
speed requires use of a Vogel number.  A Vogel number or exponent (V) is used to reduce the square
exponent of wind velocity ( wind speed 2 - V ) , and represents decay in the drag coefficient as a tree reorientates
and streamlines.  (Gardiner et al.  2016;  Manickathan et al.  2018)
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The theoretical Vogel exponent value in trees is approximately -0.66, decreasing the wind speed squared
exponent from 2.0 to 1.34 for calculating wind loads ( wind speed 2 - 0.66  =  wind speed 1.34 ).  Examining
multiple Vogel numbers from tree research demonstrate how changes in wind speed inputs are applied to wind
loads.  Figure 13.  An all-species average Vogel exponent was found to be -0.51, yielding a wind speed
exponent of 1.49 (n=15, since 2008).  Average Vogel numbers of all species with leaves-on were -0.39 (n=5)
and with leaves-off were -0.28 (n=4), suggesting leaves accounted for -0.11 of the Vogel exponent, decreasing
wind speed exponents for trees with leaves.

Lopsided

Throughout these calculations of wind loads, a balanced sail on top of a straight tapered mast is assumed.  Few
trees, or large branches, are perfectly balanced and symmetrical.  Lopsided or asymmetrical crowns in wind can
generate torsion or twist along tree structures.  Tree tissues under torsion take less force to break.
Asymmetrical wind loads on tree crowns and individual branches mean less total wind load causes tree failure.
Bending and twisting conspire to break trees in unexpected ways and at unexpected load levels.  Alternatively,
trees challenged by torsional loading can generate added resistance to twisting and bending over time seen
sometines as spiral grain xylem.

Sailing Away

The sail of a tree, successfully held aloft while resisting dynamic wind loads, is a major mechanical investment for
a tree over its life.  A tree surviving and thriving depends upon optimizing both biology and structure.  With
applied wind loads in trees being proportional to combined frontal area, wind speed, and height, it is clear
reducing tree height, extent and reach of large branches, and frontal area of tree through pruning can reduce
wind loads.  (Stubbs et al.  2019)  Tree health care providers can help better manage tree mechanics through
thoughtful crown reduction and thinning, as well as pruning for crown and branch symmetry.

Tree Height Plight

One of the easiest factors to visualize leading to tree failure involves tree height above its surroundings and its
crown mass concentrated at the top.  The greater tree height, the higher center of wind load on its crown.  Key
features of many tree safety and failure formulae are tree total height, tree functional height (center of wind load
height), crown mass, and height-associated stem taper or slenderness.  Figure 14.  (Coder 2021b)

Taller vs. Shorter

Trees gather light resources with increasing height growth.  But safety from wind loads come from both a shorter
functional tree height [tree height - (live crown height X 0.4)] associated with a lower center of wind load, and
from a decreased total tree height.  (Dellwik et al. 2019;  Fournier et al. 2013;  Niez et al. 2019)  Figure 15.
Stem leans and other displacements will initiate quick tree reactions to regain vertical growth for light harvesting.
This tree posture control is focused upon extending tree height and branch length, which continually shifts
structural loads.  Attributes critical to tree structural geometry (both in success and failure) include height, crown
mass and its position along the stem, and stem taper.  (Fournier et al.  2013)
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Tree stability factors under wind loads are dominated by height to the fourth power [(height4) / (0.5 X
diameter)].  (Niklas & Spatz  2012)  Because applied bending loads in trees are proportional to height, a taller
tree with a more extensive crown higher along its stem has both greater drag and applied bending loads than a
shorter smaller tree.  (MacFarlane & Kane  2017;  Stubbs et al.  2019)  The center of wind load in a tree
crown, or the functional tree height, is concentrated around 60% of crown height.  (Dellwik et al. 2019)  Tree
failure risks decrease with smaller crown mass, greater live crown ratio, less total height, and less functional
height.  (Peterson et al.  2019;  Urata et al.  2012)  Figure 16 expands and refines an earlier tree structural
figure to show height associated measures in a tree.

Height Resources

When trees are continually challenged by wind bending and flexing (swaying & damping), trees will reallocate
growth resources to generate more rigidity and less height growth.  (Niez et al.  2019; Niklas & Spatz 2012)
Wind loads stimulate shorter height growth, more diameter growth, and reallocation of growth resources to the
root system.  (Gardiner et al.  2016;  Telewski & Moore  2016;  Wu et al.  2016)  As height growth is reduced
under wind loads, more food is made available for stem and roots, and reduced branch mass.  (Nicoll et al.
2019)  In one example of internal reallocation of growth resources, wind load stimulation of small container
trees decreased height by ~5%, increased diameter by ~30%, and increased cross-sectional area by 189%.  In
this case with small container trees, safety increased by +134% due to wind stimulation.  (Niez et al.  2019)
Figure 17 demonstrates as more wind challanges to trees are applied, trees generate less height growth.  (Nicoll
et al.  2019)

Open Growing

Open grown trees challenged by wind from all sides tend to be shorter, have greater stem taper especially near
the base, and have a lower functional tree height.  For stability, open grown trees generate greater rigidity in the
stem and greater elasticity within the periphery of their crowns.  (Jelonek et al.  2019)  Across their long lives,
trees experience increasing applied wind loads due to extension of height, expansion of crown reach and extent,
increased diameter growth, and changing height / diameter ratios.  These changes increase vulnerability of taller,
older, and bigger trees to damage.  (Gardiner et al.  2016;  Niklas  2007;  Niklas & Spatz  2012;  Paz et al.
2018)

Trees with smaller or more flattened crowns, large live crown ratios, greater diameter, and shorter height are
more stable under wind loads.  (MacFarlane & Kane  2017;  Peltola 2006;  Peterson et al. 2019;  ver Planck
& MacFarlane 2019)  Trees with wide or broad crowns presenting large frontal areas to wind loads showed
only slightly more damage than trees with more narrow crowns (with the same height and live crown ratios).
(Peterson et al.  2019)  Figure 18 semonstrates as live crown ratios increase, on open grown mature trees, the
wind speed leading to failure increases.  (Urata et al. 2012)  Greater live cown ratios are sustainable over
greater wind loads.  But, tree height (both actual height and functional height) remains a dominant feature
responsible for tree stability or failure under applied wind loads.

Twist Preference

Branches are designed to be flexible and breakable.  (Lopez et al.  2011)  They move side-to-side, and up-
and-down in a figure-8 motion with large movements side-to-side.  Stems and branches twist 1.5 times more,
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and preferably to, bending.  (Niklas & Spatz  2012)  Examining trees which were wind-thrown, large branches
generated asymmetrical loads across crowns causing crown twist or torque.  (ver Planck & MacFarlane 2019)
Trees can be effective at resisting pure bending loads, but are more susceptible to failure when bending loads
are combined with shear or torque.  (Stubbs et al.  2019)

Stem and branch flexibility under bending changes as torque is applied causing tissues to become stiffer.  Torsion
loads reduce stem and branch flexibility, significantly lowering bending loads needed for failure.  (Avalos &
Sanchez  2014)  Figure 19.  In addition, as torsion increases, shear strength of the green tissue can be ex-
ceeded, resulting in a longitudinal split.  (Wu & Shao  2016)

Torsion Loads

Torsion (twisting) failures increase with tree height, accentuated by asymmetrical crown loads especially along
stem and big branches.  (Virot et al.  2016)  Increased height, large codominant branches, forks, and lopsided
crowns all lead to increased bending and twisting loads.  The maximum stress and strain along a stem is found
near the base of the live crown where large branches are connected.  (Lopez et al. 2011)  It is tree height and
not crown width, coupled with any uneven application of wind loads across lopsided crowns and large
branches, that are the primary drivers of failure in trees.  Asymmetrically applied loads can be partially managed
with arboricultural practices.

There is a mechanical tuning within tree tissues between bending and torsion strains.  Trees balance bending and
torsion failure through growth to assure neither one is more likely to occur.  (Skatter & Kucera  2000)  Neglect-
ing torsion on branches and stems, underestimates the risk of failure, even though torsion is a small component
of wind load resistance compared to bending.  (Avalos & Sanchez  2014)  Torsion significantly decreases
bending load resistance in trees and should not be ignored.  (Skatter & Kucera  2000)

Crown Mass

Another important mechanical issue found in tree failure is a tall stem holding a heavy crown into the wind.  (ver
Planck & MacFarlane 2019)  Most of above-ground mass in a tree is held in branches, not the stem.  (James
2014)  Branch and foliage mass contribute about 60% of crown mass.  (Rudnicki et al.  2004;  Vollsinger et al.
2005)  Large crowns transfer large loads to the stem base and roots in the wind, potentially leading to increased
damage.  (Gardiner et al. 2019;  Garms & Dean  2019;  Paz et al.  2018)  A large crown mass poses a higher
failure risk by itself, with the amount of branch mass more critical than the total mass of a tree.  (ver Planck &
MacFarlane 2019)

Tree crown mass also adds to drag forces, reducing the total additional load needed to break a tree.  (Dupont
et al.  2015)  Tree failure was found to depend both upon large branches generating asymmetrical loads across
a crown (crown twist / torque), and upon massive crowns in general.  (Telewski & Moore  2016;  ver Planck &
MacFarlane 2019)  Because most of the drag in trees occurs near the ends of branches with leaves, shortening
(abridging) large branches – not removing them, can decrease crown mass and potential damage.  (Kane  2018;
Rodriguez et al. 2008)
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Risk Ratios

Large crown mass to stem mass ratios tend to be good predictors of tree failure risks.  (Gardiner et al. 2019;
Urata et al.  2012)  In one study, when crown mass exceeded 43% of above-ground tree mass, tree failure
probability exceeded 50%.  (ver Planck & MacFarlane 2019)  Figure 20.  As shown previously, increased
crown length to tree height ratios (i.e. increased live crown ratios) decreased wind damage risks due to lowered
wind load center height  (Gardiner et al. 2019;  Peterson et al. 2019;  Urata et al.  2012)  Keeping lower
branches on stems below the most flexible portion of a stem helps absorb and damp wind loads.

In a simple tree functional height- or length-based crown and branch treatment example, Figure 21
demonstrates how crown raising or branch over-cleaning or lion’s tailing, can significantly increase potential
loads on trees and branches.  Figure 22 shows how crown reduction or branch abridging can decrease potential
loads on trees and branches.  Minimize crown raising treatments and utilize crown reduction treatments to
reduce wind loads and minimize tree failure risks.

Slender Stems

Height / diameter relationships (taper) change with wind load challenges, causing trees to become more tapered.
(Telewski & Moore  2016)  Resistance to tree failure is associated with greater stem taper (diameter2 : tree
height) or less slenderness, and decreased height  (Kabir et al.  2018;  Moore  2000;  Paz et al.  2018;  Peltola
et al. 2000)  Active tree management, such as height reduction and intensive crown reduction and thinning, can
significantly reduce applied wind loads and associated tree failure risks.  (Koizumi et al. 2016)

Tree development of decreased diameter to height ratios (less taper or more slender) can be caused by
carbohydrate starvation from lack of light.  (MacFarlane & Kane  2017)   Trees in shade or understories, or
trees forced to re-form crowns after damage, would be most susceptible to failure from both torsion and
bending loads due to less taper.  As trees grow in height without increasing stiffness and radial growth, self-
weight eventually causes bending which cannot be overcome and corrected.  (Moulia et al.  2019)

Height-Diameter Impacts

Tree height and branch length generate long lever arms to which wind and gravity loads are applied, and to
which trees must continually adjust.  Tree safety in wind is increased with both stem diameter growth and
decreased center of wind load height  [(diameter)3 / (tree height  X  frontal area)].  (Fournier et al.  2013;  Hale
et al.  2012;  Niez et al.  2019)  The tree height to diameter ratio (taper) minimizing wind damage is around a
value of 66 and below.  (Moore & Lin  2019)

Another tree form formula (derived from Fournier et al.  2013) uses increasing diameter [ + (tree diameter)2.5 ]
and decreasing height and mass [ - (tree height) 2.25  X  (above ground biomass) ] as variables for tree
mechanical success.  All these observations show less stem diameter growth coupled with greater height growth
under the same wind loads, eventually lead to catastrophic tree failure.  Note that total height does remain more
critical to tree damage risks than taper or slenderness alone.  (ver Planck & MacFarlane 2019)
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Being Tall & Top-Heavy

In examining what causes trees to fail, variables such as tree height, stem lean, stem weight, stem taper, crown
weight, and crown height along a stem were all found to be important at some level.   But, tree height and crown
mass were found to be key measures of tree stability or failure.  (Fournier et al.  2013;  Jelonek et al.  2019)
Arborists can reduce risks of tree failure through thoughtfully applied tree height reduction and crown mass
control with symmetry corrections, while minimizing crown raising treatments.

Questions of Diameter

Another set of structural attributes which help support trees involve thickness or diameter of the stem, branches
and structural roots.  Tree diameter growth generates additional stiffness for resisting wind and gravity loads.
Key features of tree stability then include stem and root diameters, and stiffness of stem and root base area.
These features are included in a number of tree failure formulae.  Figure 23.  (Coder 2021c)

Changing Growth

Corrections in response to gravity and wind are part of long-term mechanical stability in trees, which is driven
by increases in diameter to equalize structural loads.  (Jelonek et al.  2019)  The outer-most radial cell layers of
xylem increase diameter, generating forces which resist and correct mechanical load imbalances.  (Thibaut
2019)  The environment applies wind and gravity loads, and trees in response must manage height and
diameters to remain erect.  Both diameter growth and height-to-diameter ratios are important biomechanical
attributes under active control of a tree.  (Niklas & Spatz 2012)  Figure 24 shows how changes in taper (height
to diameter ratios) impact tree failure.  Large stem tapers hold against more wind loads before failure when
compared with narrow or slender stems.

Trees experience increasing wind loads over their life due to expansion of height, increases in crown reach and
extent, and changing height-to-diameter ratios.  (Gardiner et al.  2016)  Trees will generate less height growth,
more root biomass, and greater diameter growth in response to wind loads.  (Wu et al.  2016)  In one study,
trees exposed to bending loads increased diameter growth by >80% in response to wind.  (Bonnesoeur et al.
2016)  Trees which move in wind have greater stem and root base area diameter growth than trees prevented
from moving.  (Nicoll et al. 2019)  Figure 25.

Height & Diameter Balance

There is always a structural trade-off between the diameter of stem and branches, and their height or length.  As
diameter increases, stem and branch stability and sway damping are improved for a given load environment.
Simultaneously, as stem height or branch length increase, there are greater bending loads, increased drag
coefficients from less reorientation, and more risk of failure.  (Butler et al.  2012;  MacFarlane & Kane  2017)
Trees must continually reconfigure and reinforce their structure to resist both external loads and internal
mechanical responses, which requires significant growth adjustment times.

Stems and branches develop greater mechanical resistance in their base with increased wood density, stiffness,
and diameter growth, and less mechanical resistance at their tips, which provide flexibility with self-support.
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(Ozden & Ennos  2018)  In short, peripheral flexibility and basal stiffness generate a greater chance of long-
term survivability in trees.  (Niez et al. 2019)

Stiff  vs. Flexible

There have been many studies examining the importance of diameter measures in tree stability.  Each study is
unique, examining different tree species of different sizes and ages, at various measurement locations within
trees, and under varying wind load environments.  Some single studies reach multiple descriptions of tree
success and failure.  Select tree diameter importance findings are given below:

– Tree cross-sectional area (0.79 X D2) at 10 feet above the ground was found to be the
best predictor of stem breaking force.  (Garms & Dean  2019)

– Tree stability is proportional to four times stem and branch cross-sectional area
(12.6 X D2) increases in small container trees.  (based upon the Fournier
formula – Niez et al.  2019)

– Stem failure depends upon stem diameter squared times stem height (D2 X height),
representing 94% of tree failure variation.  (Fournier et al.  2013;  Gardiner et al.
2016;  Hale et al.  2012;  MacFarlane & Kane  2017;  Moore 2000;
Peltola et al.  2000)

– Tree stability was proportional to stem diameter growth (D2.5) shifting between stiffness
and flexibility along a stem or branch length.  (derived from Fournier et al.  2013)

– Stem breakage depends upon diameter cubed (D3), representing 96% of tree failure
variation.  (Fournier et al.  2013;  Gardiner et al.  2016;  Hale et al.  2012;
MacFarlane & Kane  2017;  Peltola et al.  2000)

– Bending resistance from both increased diameter growth and wood characteristic
changes were 3.5 times greater in the bottom 10% of a stem or branch than
anywhere else.  (Sagi et al. 2019)

– Tree stiffness near the stem base was proportional to its diameter to the fourth power
(D4) and was the strongest determinant of stem safety.  (Butler et al.  2012;
Gardiner et al.  2016;  Niklas & Spatz  2012)

Trees need to be both flexible and rigid at the same time to resist static (self-weighted) and dynamic (wind)
forces.  (Gardiner et al.  2016)  With increasing height, tree tissues are less stiff near the tip of a tapered stem.
(Dargahi et al.  2019)  As suggested by the different diameter importance findings given above, trees continually
modify their wind resistance along their height, generating stiffness near the stem base, and flexibility near the
stem top.  In between stem base and tree top is a transition zone between stiff and flexible which is actively
shifted upward over time.  (Koizumi et al.  2007).  Figure 26.
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Reallocating Resistance

Applied wind loads have great impact on stem and root diameter growth, especially in tree parts with the highest
mechanical stress and strain.  (Gardiner et al. 2019)  Trees must reallocate growth resources to the stem base
and structural root plate to remain stable.  With wind, trees shift growth resources to more root biomass, greater
stem base and root base diameter growth, increased stem taper, larger root-to-shoot ratios, increased root plate
diameter, and altered xylem cell walls.  (Gardiner et al.  2016;  Gardiner et al. 2019;  Nicoll et al. 2019;
Telewski & Moore  2016;  Wu et al.  2016)

Root Diameter

Bending and rotation at the tree base are counter-balanced by the root — soil system.  (Niklas  2007)  As wind
intensity increases, vibrational impacts from tree top to rigid stem base and roots increase, loosening anchorage
and increasing potential damage unless corrected by additional growth.  (Dupont et al. 2018;  Paz et al.  2018;
ver Planck & MacFarlane 2019)  Wind and gravity loads generate a “load wheel” rolling a tree out of the
ground, to which a tree must generate and sustain resistance.  (Coder  2010;  Coder  2018)  Figure 27.

Tree stability depends upon increasing stem base and basal root diameters, and root plate size and mass.
(Gardiner et al.  2016)  In addition, wind loads and associated sway applied from one direction increases
elliptical cross-sectional root shapes near the stem base, and generates greater diameter growth in structural
roots along the load axis.  (Nicoll et al. 2019;  Telewski & Moore  2016)  Figure 28 shows the differences
between maximum stress levels in three tree stem cross-sectional shapes.  Eccentric growth forms help resist
bending loads and minimzie stress.

Figure 29 shows cross-section shapes of structural roots around a tree’s base generated to resist induced wind
loads.  Large roots near the stem base can be reinforced to resist bending and hinging by generating eccentric
cross-sectional shapes like ovals, T-beams or I-beams in response to bending and twist.  (Gardiner et al.  2016;
Telewski & Moore  2016)  Figure 30.

Root Plate & ZRT

Key components of tree root base resistance to failure includes a narrow compression ring (zone of rapid taper
= ZRT) within a much broader rigid root plate area.  Figure 31.  The mass of large diameter structural roots at a
tree’s base, some with eccentric cross-section shapes, provide support, stiffness and resistance to failure.  A
generalized root plate diameter size in non-constraining soil conditions can be calculated by using tree stem
diameter (DBHinches) times 0.9, yielding root plate diameter in feet.  (Coder  2018)

Within ~3.5 feet (the zone of rapid taper or ZRT area) of a tree base and within its root plate area, roots greatly
increase diameter growth and basal taper, and associated resistance to compression, flexing, and torsion (twist).
(Dorval et al. 2016;  Stubbs et al.  2019)  Root stiffness is greater close to the stem base and reflects both
diameter and root growth geometry changes.  (Sagi et al. 2019)  This zone of rapid taper (ZRT) resists root
bending, hinging or folding downward on the leeward side of any wind load.  A generalized ZRT diameter size in
non-constrained soil conditions can be calculated by tree diameter (DBHinches) times 0.3, yielding ZRT diameter
in feet.  (Coder  2018)  Figure 32.
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Root Constraints

Risks of tree failure increase with restriction of structural rooting space.  Some causes of constrained structural
rooting space include:  hardscape and infrastructure installation and presence;  soil compaction, aeration and
drainage issues;  and/or mechanical issues of impervious layers below ground – all leading to much shallower but
wider ZRTs and root plates.  Under these constraints, even greater root cross-section shape changes can be
generated (like stem base – root buttresses), and accelerated diameter growth.  (Coder 2010;  Coder  2018;
Gardiner et al.  2016)

Root Growth & Form

Leeward root loads are dissipated by compression into soil close to the stem base (the ZRT), while windward
roots of the root plate area are pulled in tension, sometimes out of the ground.  (Coder 2010;  Coder  2018;
Watson  2000)  Figure 33.  Windward roots make 2-3 times the structural contribution to root and tree
anchorage as do leeward roots.  (Watson  2000)  Root systems can be asymmetrical in distribution, with most
roots growing toward the maximum load direction (Coder  2010;  Coder  2018;  Niklas & Spatz  2012), but
with greater structural root mass developed on the leeward side where larger diameter roots generate increased
stiffness.  (Dorval et al.  2016;  Telewski & Moore  2016)

To summarize tree root base issues:  keep-off the root plate area with no compacting events, no trenching, and
no root base / stem base injury;  carefully apply treatments which do not shift functional balance between shoot
and root growth;  and, develop healthy soil and sites with few constraints to root health and growth.

Diameter for Success

Trees generate diameter growth preferentially in areas where stress and strain are greatest.  Over time, stem
diameters and root plate diameters continue to increase resistance to increasing loads, although at different rates.
Figure 34.  Because of this difference in diameter growth change over time, young trees tend to break, and old
trees tend to uproot.  Load challenges to stem and root base diameter growth generate unique structural
components which must be conserved and protected from damage.  Tree health care providers, tree risk
managers, and arborists need to continually explore how trees remain upright in a changing environment which is
trying to knock them down.

Conclusions

Because there are many papers and books examining how trees stand against wind over many years, this short
review just highlights some of the issues.  Tree structure must continue to change as it is challenged by the
environment.  Tree structure must also continue to change as its reactive skin of living tissues expand to colonize,
collect, and hold resource containing volumes.  The shed core skeleton of a tree represents only past load
environments the tree has resisted.  Structural success or failure of trees rest on their continuing correct
adjustments to environmental constraints, growth opportunities, and human manipulations or injuries.
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Figure 1:  Three primary structural components in trees
(sail, height, size) optimized to maintain a tree

upright against gravity and wind induced loads.
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Figure 2:  Wind generated force on trees, with and
without leaves, as wind speed increases.

(after  Angelou et al.  2019)
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Figure 3:  Estmated pressure or force of wind at different wind
speeds applied to frontal area of trees.  (drag coefficient = 1.0)

wind pressure in pounds per square feet =
(0.013)  X  ( wind speed in miles per hour  X  (0.45) )2

(Coder  2021d)
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 wind velocity  pounds per square
       (mph)       feet (lbs/ft2)

     5   0.1
  10   0.3
  15   0.6
  20   1.1
  25   1.7
  30   2.4
  35   3.2
  40   4.2
  45   5.3
  50   6.6
  55   8.0
  60   9.5
  65 11
  70 13
  75 15

wind velocity pounds per square
     (mph)      feet (lbs/ft2)

  80   17
  85   19
  90   21
  95   24
100   26
110   32
120   38
130   45
140   52
150   59
175   81
200 105
225 133
250 165
275 199

Figure 4:  Estimated wind pressures in pounds per square
feet (lbs/ft2) on tree frontal area calculated under standard

conditions for various wind velocities in miles per hour (mph).
    (Coder 2021d)

wind pressure in pounds per square foot   =   (0.013)  X  ( wind speed in mph  X  (0.45) )2

 (drag coefficient = 1.0)
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Figure 5:  Primary geometric tree crown shapes with relative
frontal areas (FA) given under no wind load.

Downwind streamlining and reconfiguration will change frontal area and
its shape.   All crown shapes have a circular cross-section.
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wind wind     tree crown tree crown
    index speed pressure reconfiguration      reconfiguration
    value (mph) (lbs/ft2)     descriptor  value (%)

    C0   0 0 gravity impacts only   0 %

    CI 10 0.3 petiole & blade deforming,
   & twig swaying   5 %

    CII 19 1.0 leaves rolled back & large
  peripheral twigs sway 10 %

    CIII 28 2.0 twigs pulled back &
  peripheral branches sway 25 %

    CIV 37 3.6 branches pulled back &
  stem swaying 45 %

    CV 46 5.6 twig breakage, stem pushed /
  held downwind 70 %

    CVI 55mph 8.0lbs/ft2 twig & branch breakage
   (~ T1 threshold  --  maximum streamlining)) (~ T1 threshold  --  maximum streamlining)) (~ T1 threshold  --  maximum streamlining)) (~ T1 threshold  --  maximum streamlining)) (~ T1 threshold  --  maximum streamlining)) 100 %

Figure 6:  Index of Tree Crown Reconfiguration
giving index value symbol, wind speed in miles per hour,

wind pressure in pounds per square feet, tree crown
reconfiguration description, and tree crown

reconfiguration percentage.  (drag coefficient = 1.0)

Note crown reconfiguration under ice plus wind
reaches 100% streamlining at CIII (28mph & 2lbs/ft2)

(Coder  2021d)
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Figure 7:  Tree structural model.
(derived from Jelonek et al. 2019)
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OP 70%  (AP 83%)     OP 80%  (AP 90%)  OP 90%  (AP 95%)
Figure 9:  Simple view of optical or visual porosity (OP), and associated aerodynamic porosity
(AP), of tree crowns.  AP values are average of two formulae -- Gonzales et al. 2018;  Manickahan et al. 2018.
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Figure 10:  Comparing visual or optical crown porosity (OP)
with aerodynamic crown porosity (AP).

Note OP underestimates wind impacts on crowns measured as AP.
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Figure 11:  Comparing aerodynamic porosity of tree crowns
and tree drag coefficients.  (Manickathan et al.  2018)
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Drag Coefficients
   Gymnosperm -- evergreen

11 mph  --  0.94 (n=5)

22 mph  --  0.69 (n=3)

34 mph  --  0.58 (n=4)

45 mph  --  0.55 (n=6)

67 mph  --  0.60 (n=2)

  Angiosperm -- deciduous
11 mph  --  0.60 (n=8)

22 mph  --  0.49 (n=9)

34 mph  --  0.42 (n=4)

45 mph  --  0.38 (n=16)

67 mph  --  0.20 (n=4)

  Angiosperm -- evergreen
11 mph  --  0.89 (n=1)

22 mph  --  0.79 (n=1)

34 mph  --  0.68 (n=1)

45 mph  --  0.59 (n=1)

Figure 12:  Average tree drag coefficients by wind speed (mph).
(n = number of citations)
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Vogel  Numbers
(theoretical Vogel Exponent = -0.66)

Gymnosperm -- evergreen

-0.31 (n=7)

(range = -0.10 to -0.65)

Angiosperm -- deciduous

-0.40 (n=9)

(range = -0.05 to -1.0)

leaves on = -0.50  (n=3)

leaves off = -0.30  (n=3)

Note, younger trees would have lower (more negative)
exponent values due to more effective

reconfiguration / streamling than older trees.

Figure 13:  Average tree Vogel numbers for use in
modifying wind speed exponents, by tree types.
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Figure 14:  Height related structural components in trees
optimized to maintain a tree upright against

gravity and wind loads.
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wind load center height
(percent of tree height)

30 40 50 60 70 80%

89

78

67

56
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Figure 15:  Example tree failure wind speeds versus
tree wind load center’s height.  (after  Urata et al.  2012)

failure wind
speed (mph)

stem - base
weighted

stem - top
weighted
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Figure 16:  Tree structural model showing total tree height,
functional tree height (height of wind load

center in crown), and live crown ratio.
(In this image, live crown ratio = 65%)

crown  height /
tree  height  =

live  crown  ratio
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Figure 17:  Relative tree height growth when allowed
to move in wind compared to a tree constrained

from movement.  (derived from Nicoll et al. 2019)

wind movement

no movement

 WIND =
LESS  TREE
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crown length / tree height
(live  crown  ratio)

.4 .6 .8    1.0

78

67

56

45

34

Figure 18:  Failure wind speed for a tree versus
its crown length / tree height (live crown ratio).

(after  Urata et al.  2012)

failure wind
speed (mph)
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0    20   40   60   80  100
relative bending stress

12
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2

0

relative
torsion stress

average
  breaking load

minimum
  breaking load

Figure 19:  Relationship between relative bending and
torsion loads in breaking branches. (Avalos & Sanchez  2014)
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100
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0

failure
probability

(%)

crown mass / tree mass
ratio (%)

 0 25 50 75  100

Figure 20:  Probability of tree failure based upon crown
mass proportion of above-ground tree mass.

(after  ver Planck & MacFarlane  2019)

50% failure risk =
crown mass >43%
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Figure 21:  Relative tree wind load increases under two crown raising treatments
(1/3 & 2/3).  The blue oval is the crown wind load center.

(Relative load relationships also apply to large branch treatments.)
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Figure 22:  Relative tree wind load decreases under two
crown reduction treatments (1/3 & 2/3).  The blue

oval is the crown wind load center.
(Relative load relationships also apply to large branch treatments.)
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Figure 23:  Diameter related structural components
optimized to maintain a tree upright against

gravity and wind loads.
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tree  height (ft)
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Figure 24:  Critical wind speed (mph) measured at 33 feet
in height for uprooting trees of different slenderness

(height / dbh ratio or taper number).
(after  Peltola  2006)
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Figure 25:  Combined relative stem base diameter growth
and basal root diameter growth for trees allowed to

move in wind versus trees restrained from movement.
(derived from  Nicoll et al. 2019)
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                    (D - D(D - D(D - D(D - D(D - D22222)))))

          TRANSITIONTRANSITIONTRANSITIONTRANSITIONTRANSITION
                         (D(D(D(D(D22222 - D - D - D - D - D33333)))))

    STIFF    STIFF    STIFF    STIFF    STIFF
                    (D(D(D(D(D33333 - D - D - D - D - D44444)))))

3/3 height3/3 height3/3 height3/3 height3/3 height

2/3 height2/3 height2/3 height2/3 height2/3 height

1/3 height1/3 height1/3 height1/3 height1/3 height

TREETREETREETREETREE
STEMSTEMSTEMSTEMSTEM

Figure 26:  Tree stem stiffness and flexibility zones based
upon calculated diameter increment values (DX) and

comparative rigidity of diameter increments at each location.
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gravity

Figure 27:  Simplified view of wind and gravity loads acting
to rotate a tree out of soil as a combined load wheel.

(Coder 2010; Coder 2018)
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circular stem
cross-section
max-stress = X

elliptical stem
cross-section
max-stress = 0.93X

trapezoid stem
cross-section
max-stress =
0.92X tension
0.89X compression

Figure 28:  Tree stem cross-sectional shapes
impact on maximum stress.  (Niez et al. 2019)
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WINDWARD  LEEWARD
  pulled up    pushed down

LATERAL
torsion

Figure 29:  Eccentric growth form of structural roots
generated around a tree base to resist wind induced loads.

(Stubbs et al. 2019)
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Figure 30:  Idealized shapes of root base cross-sections
as diameter growth responds to mechanical stress.

(Chiatante et al. 2003; DiIorio et al. 2005;
Nicholl et al. 2006;  Nicholl & Ray 1996;  Telewski & Moore 2016)
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Figure 31:  View from above of idealized structural root
plate proportions surrounding a tree.
Thick dotted line represents expected leeward

hinge point or edge of zone of rapid taper (ZRT).
(Coder  2010;  Coder  2018;  Danjon et al. 2005;  Lundstrom et al. 2007)
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Figure 32:  Idealized side view of a wind loaded root
plate and edge of ZRT under non-limiting soil conditions.
(Coder  2010;  Coder  2018;  Danjon et al. 2005;  Lundstrom et al. 2007)
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Figure 33:  Root strain near tree base under lateral load.
(derived from  Sagi et al. 2019)
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relative
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Figure 34:  Change in relative resistance to failure of
root plate diameter and stem diameter as trees age.

(after  Koizumi et al. 2007)
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