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Abstract: Problem Statement: Natural resources within the southern United States have repeatedly
been subjected to the impact of tropical cyclones. While the frequency of tropical cyclones hitting
either coast varies from year to year, it is crucial for natural resource managers and land owners to be
prepared for the damage resulting from such storms. The goal of this review paper is to synthesize
previous research and assess how hurricanes impact coastal forests. Approach: In order to understand
the impact on forests in this region, an extensive literature review was preformed. The literature review
focused primarily on the southern United States’ forests but included information from other areas that
was pertinent in understanding the impact of strong wind events on forests. Results: Although the
literature is not entirely consistent in arriving at factors that can be used to describe or predict potential
damage to forests, a number of trends were obvious. Forest damage was found to be a function of tree
species, proximity to the eye of the hurricane, stand and site characteristics, species-specific responses
to storm surges, and topographic exposure. Each of these factors was found to be critical in
developing and understanding potential hurricane damage to forest and wildlife values.
Conclusions/Recommendations: Such a review paper was found to be a valuable tool for informing
natural resource managers and forest land owners of the potential impacts of hurricanes on the forest of
the southern United States. This information will help land managers develop a response plan related

to hurricane damage.

Key words: Tropical cyclones, wind damage, storm surge damage, forest characteristics

INTRODUCTION

Along the United States coastlines, tropical
cyclones (hurricanes) are imminent and come with
potentially dire consequences for both the human and
natural environment. It has been hypothesized that
hurricanes have replaced fire as the natural disturbance
of the southern U.S., creating conditions necessary for
natural stand establishment and stand maintenance for
certain species such as slash pine(Pinus elliotti)*>'*".
Determining the historic frequencies, location and
impact of a hurricane is difficult at best. Hurricane
activity can range annually from frequent (i.e., 2005) to
infrequent (i.e., 2007) but generally there are about five
hurricanes per year in the North Atlantic. Hurricane
activity in the Atlantic Ocean is generally thought to
have increased since 1995 and is projected to perhaps
remain at increased levels for the next 4 decades due to
higher sea surface temperatures and decreased wind
shear!*”),

In general, portions of the United States coastline
have had limited experience with major hurricane
damage, but with the expected increase in hurricane

activity there is a higher potential for hurricane
destruction than in previous periods of time. While
some areas may have been affected by hurricanes
repeatedly over a relatively short period of time, others
have experienced minimal hurricane activity. For
example, the Outer Banks area of North Carolina was
hit by six named storms (Bertha, Fran, Bonnie, Dennis,
Floyd and Irene) between 1996 and 1999, with three
occurring in 19997". Conversely, Savannah, Georgia
has an estimated return period for a major hurricane
directly striking every 34 years, however, the last direct
hit on Savannah occurred 150 years ago. Additionally,
any category of storm is estimated to directly strike
Savannah every 8 years, however, the last one to do so
occurred 30 years ago.

A Category 5 hurricane on the Saffir-Simpson
scale can be expected in the Atlantic basin about once

92] .

every 2.3 years” . A Category 4 or stronger hurricane
hits the United States, on average, every 7 years'".
This expected frequency combined with increased
populations in coastal areas could lead to economic
devastation if a powerful storm hits the Atlantic
coast!*”]. Identifying specific locations that will be
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heavily impacted by storms during a hurricane season is
virtually impossible until a storm is developing or
threatening. While the likelihood of damage to humans
and infrastructure can be minimized through response
plans, evacuation procedures and recovery efforts,
forests and other natural resources may bear the brunt
of the damage due to their fixed locations and a
potential lack of preparedness by the natural resource
management community. Therefore, focus needs to be
directed toward understanding the potential impacts of
hurricanes and tropical storms on natural resources to
prepare land managers for the aftermath of a major
hurricane.

Areas that are hit directly by a storm
characteristically incur the most damage. A direct hit on
land is defined as the land area within the radius of
maximum winds of a hurricane. The direct hit zone
varies from one storm to the next, however and may
extend as wide as 160 km for major storms'**!. Blake et
al" suggested that a direct hit zone could extend
approximately 70 km from the eye, specifically,
extending approximately 25 km to the left of the
forward path and 45 km to the right of the forward path.
In some instances, hurricanes have the potential to
reach a radius of approximately 1,000 km, extending
the size of the direct hit zone!*?.,

Characteristically, the eye of a storm is described
as the center with low intensity and pressure. The
surrounding 30 km is defined as the eyewall and is the
portion of the storm with the highest velocity winds and
most often with the heaviest precipitation*. Early
study by Jordan er al®! however, suggested that the
strongest wind speeds were found at about the same
distance from the eye in all directions. Maximum winds
at low-level elevations are found near the eye wall, in
the right-front quadrant relative to the direction of
travel. The maximum wind speed associated with
Hurricane Andrew (1992), for example, was about 77 m
sec”'*! in the northern eyewall. Generally, there is an
inverse correlation between maximum wind speed and
the distance from a hurricane's eye, except for areas
within the radius of maximum winds""\. Frequently, the
greatest damaf;fe is incurred near the track of the eye of
the storm®'®l. The strongest damage to forests and
other landscape features occurs on the side of the
eyewall where translational and rotational effects are in
the same direction!'"™ specifically, the northern right-
front quadrant of the storm®*">**°!_ Further, a higher
severity of damage is correlated with longer durations
of sustained wind speeds”®"). Hurricanes typically loose
strength as they pass over land due to a decrease in
convection!”,

Although rain is generally heaviest within the eye
wall cloud, the strongest electrical activity (lightning)
and turbulence can be experienced in the individual
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cloud cells in the outer bands of the hurricane **.

Tornadoes, for example, can occur approximately 80-
320 km away from the hurricane eye, outside of the
area of known hurricane-force winds. Typically,
tornadoes occur in the northeast and east quadrants (30-
120°) regardless of the direction of the hurricane
path!"***] Tornadoes can potentially precede hurricane
force winds beginning up to 12 h prior to the arrival of
the main body of the storm™. During Hurricane
Beulah (1967), tornadoes occurred mostly 160-320 km
away from the hurricane eye in the northeast quadrant
of the storm!®”,

Estimating the level of damage following a
hurricane as well as preparing in advance for disaster
recovery is complicated by the number of variables
associated with storm damage. Forests may be
subjected to winds and storm surges and in some
instances heavy rains. The variable characteristics of
storms make predicting damage difficult, at best. The
purpose of this review paper is to provide insight into
potential damage to forests resulting from hurricanes
along the Atlantic Ocean and Gulf of Mexico in the
United States. The review represents a synopsis of the
available literature and is meant to provide resource
managers and landowners with information to aid in
preparing for and managing the response following a
hurricane. In describing the biological responses of
forests to hurricanes, we summarize several topics
including: the effects of wind on forests and individual
trees, how tree physiology may determine damage, how
specific tree species respond, the relationship between
stand and site conditions and hurricane damage, the
relationship between topography and hurricane damage,
the impact of storm surges, the levels of tree mortality
and the impacts on tree regeneration, and the potential
impact on wildlife.

METHODS AND MATERIALS

In order to gain insight into the impact of hurricanes on
forest, a thorough and extensive literature review was
conducted.  This literature review included peer-
reviewed journal articles, books, government agency
publications, conference proceedings, and technical
reports. The literature was limited to those that could
provide insight into the strength, behavior, and impact
of hurricanes on forest similar to those found in the
southern United States. In a few cases, such as
Fraser™™' and Kramer'®, literature describing the
impacts of strong winds on trees or other resources was
consulted because they represented the only work of
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their kind.
reviewed.

In total, 253 articles were obtained and

RESULTS

Tree damage and winds: Damage to forests and
natural resources during a hurricane will occur
primarily as a result of winds and storm surges
generated by the storm. To fully understand how forests
respond to hurricane force winds, we must understand
how trees will react, as individuals as well as in stands,
to forces associated with large storms and how site
conditions, tree age, tree stocking, tree species and
other factors influence levels of damage. Forest damage
may be most closely related to gusts of wind or a single,
very strong wind event lasting only a few seconds, as
opposed to maximum sustained wind speeds. For
example, the majority of damage following Hurricane
Fran (1993) was attributed to wind gusts!'®. Gusts
most commonly occur vertically within approximately
500 m of the ground™®". Wind gusts producing damage
inland could arise from convective transfer of
momentum downward, causing winds from the level of
strongest wind speed (approx. 150-500 m elevation) to
be transported downward to the ground. Gusts are
sporadic and are associated with increased wind speeds
affecting small areas. In addition, there is a resonance
effect when the gust frequency is in phase with the
sway of a tree, transferring greater energy to it"”. Most
often, trees closest to the gust path will incur the
greatest amount of damage with intensity diminishin?
as a function of distance from the path of the gust™*’.
Vertical and horizontal gusts combine to form sweeps.
Sweeps, characteristically, are fast movin% winds in a
downward motion through a forest canopy"”! and have
been positively correlated with the direction of the wind
at the ground surface!®”).

During a wind storm, the tip of a tree oscillates in
an elliptical manner, with the major axis pointing in the
general direction of the wind"*. Trees sway elliptically
because of abnormalities on crowns, asymmetrical root
systems, irregular tree stem shape, wood elasticity and
friction between the wind and the crown!’?. As a result,
all sides of a tree stem and its root system are stressed
during this rotational process. Both the stem and the
root system are affected by wind, with the windward
side of the tree under tension and the leeward side
under compression. The swinging motion of a tree
during a wind event can bend stems to the point where
compression strength of the wood is exceeded (leading
to breakage). Compression strength is about one-third
of the tension strength of wood!™*. Mayer'’” suggested
that no tree species can survive storms with wind
speeds greater than 30 m sec™' for more than 10 min.

18

Canopy gaps resulting from the death of a tree or
from management practices can be the starting point for
wind damage. When an opening occurs, wind enters
and expands its force on those trees around the gap.
Wind acting on a tree produces a bending force, which
is concentrated at the form point, which is one-third of
the distance from the base of the crown to the top of the
crown. The lower the form point, the lower the
probability of damage. Longer crowns imply a lower
center of gravity, therefore, trees with longer crowns, or
lower form points, will be more wind resistant**'®]
Conversely, tall, slender trees with small crowns (10-
20% of the height of the tree) have also been found to
be relatively wind resistant with the stem absorbing
most of the force!*”),

Resistive forces of trees include stem stiffness, the
support given by other trees and root anchorage. When
the applied bending moment on a tree exceeds the
maximum resistive bending moment for the tree (stem
or roots), it breaks or is windthrown!?. Trees break
when subjected to lateral forces that exceed the stem
strength, but do not exceed the ability of the root
system to become dislodged from the soil™. It has
been hypothesized that wider, less dense annual tree
rings in second-growth trees may make the tree more
vulnerable to damage!™!. Further, Petty and Swain!®¥
identified the role of tree taper in wind damage
susceptibility. Trees with higher taper are more stable at
certain winds speeds than other trees of lower
taper”">** This implies that the higher height/diameter
ratio trees are more susceptible to windthrow at various
wind speeds than lower height/diameter ratio trees
(which have high higher taper values). The relationship
between height/diameter values and the wind speed
necessary to cause breakage is non-linear and based on
the relationship between crown weight and stem
weight, suggesting that tree taper is probably the most
important factor influencing the susceptibility to
breakage!*”.

Windthrow, or uprooting, suggests that a tree has
fallen with most of its roots intact. Windthrow occurs
when the lateral forces applied to a tree overcome the
root anchorage®®*!. In this case, the stem does not
generally break and the soil mass adhering to the roots
is generally attached, resulting in pit-mound
microtopography!®. The drag coefficient of a tree
canopy is important in determining the type of wind
damage, as is the canopy position, the water balance
and nutrient regime of the tree, the age of the tree and
the species”. The roots that strengthen trees against
wind are short, stout, horizontal or oblique roots of the
bracket-angle type. The anchoring ability of a tree may
depend on the strength of these roots on the leeward
side of the tree. In every case of windthrow, these roots
failed by compression on the leeward side of the tree.
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The essential roots are the bracket roots on the lee side
of the tree (given a predominant wind direction)!®”. The
physical conditions of the soil and the depth and extent
of tree rooting factor into whether windthrow will
occur, except in extreme storms'*). Additionally,
shallow rooting, moist soil conditions and root rot all
contribute to an increased vulnerability to windthrow.
In fact, anything that impedes deep rooting of trees
makes them more susceptible to windthrow!**%,
Root strength of large trees is difficult to determine and
varies due to soil type and moisture status. Stem
strength is easier to measure and is based on the
engineering properties of the species of wood®.
Following Hurricane Flossy (1956) it was found that
restricted root development along with highly saturated
soils are believed to be primarily responsible for
windthrow events. Soils with a clay layer in the top 55
centimeters of soil produced 90% of the tree
windthrow. Soils with deeper clay layers, covering over
50% of the area, produced only 10% of observed
windthrow!*’,

Literature concerning the physical damage
threshold for a species is generally lacking. These
values are a function of wind speed, wind duration,
terrain features, soil type, stand characteristics and the
physical condition of the tree. However, in general, tree
species with taproots that extend deep into the soil are
more likely to break than to be windthrown. If the soil
is frozen or very dry, stem breakage will likely occur
rather than windthrow. And, higher moisture contents
of soils will likely lead to increased windthrow!’”.
Conversely, Jacobs!® found that the taproot of most
species is of minor mechanical value, especially on
larger trees, however on certain soil types, the taproot
may increase the windfirmness of individual trees.

The resistance of a soil to pressure, thrust and pull
varies with soil texture, organic matter and moisture
content’*. In addition, the strength of the roots of a tree
to hold itself stable against wind is dependent on the
sheer strength of the soil, which is dependent on soil
moisture content!'®). Non-cohesive soils, such as sandy
soils, anchor trees through frictional processes only and
are better at helping trees resist windthrow when the
moisture content is near field capacity. Cohesive soils,
such as clayey soils, are better at helping trees resist
windthrow when soils are dry (highest cohesion)!’*. Silt
and clay soils lose their cohesion and become plastic in
the presence of large amounts of water. When a soil is
saturated, it loses its plastic property and becomes fluid.
It then has little to no shearing strength and is readily
deformed. Trousdell et al.!"® found that greater wind
damage occurred from Hurricane Donna (1960) on soils
with restricted layers in the soil profile (i.e., clay). Half
of the trees on these soil types were damaged, while
only 7% of trees on other soil types were damaged.

19

Greater wind damage was also observed on soils with
moderately course texture with 30% of trees damaged,
whereas only 5% were damaged on other soil textures.
The wind damage combined with heavy rains prior to
the storm accounted for the resulting forest damage.

Heavy rains that may precede hurricanes increase
the susceptibility of uprooting”, however, not all
hurricanes bring with them heavy rains®®). Windthrow
in the Duke Forest (North Carolina) following
Hurricane Fran (1996) was closely associated with the
rainfall accompanying the storm!'®. Soil substrate
(e.g., sand) can also influence windthrow potential®.
However, the vulnerability to windthrow may be related
to some unmeasured architectural or morphological
feature of trees, such as wood strength, therefore
specific wind and site characteristics may also play a
role in windthrow potential®”. Drainage of the soil is
essential, since as we suggested, a tree's grip on the soil
is lessened when the soil becomes saturated!'*. In
contrast, if a soil is frozen or very dry, stem breakage,
rather than windthrow, will likely occur!’.

In addition to breakage and windthrow, wind
damage can come in the form of defoliation. Moss'’®
found that forests in eastern Connecticut incurred the
brunt of the 1938 New England hurricane resulting in
severe defoliation. Leaves were stripped from the trees
with such force that it left the midribs of hardwood
leaves intact and stained white houses a yellow-green
color on the windward side. Within approximately 8-15
km of the coast, foliage of some trees was 100%
damaged. Damage was species-specific, however with
white pine (Pinus strobus) incurring severe damage,
while Austrian (Pinus nigra), pitch (Pinus rigida) and
red pines (Pinus resinosa) faired well. For hardwoods,
yellow-poplar (Liriodendron tulipifera) and sourwood
(Oxydendrum arboreum) were also severely damaged.

Proximity to the eye of the storm: Proximity to the
eye of the storm and location of the affected site in
relation to the direction of movement of the storm are
essential in estimating the direction of treefall and
potential damage to forests™'***!. As previously
mentioned, the greatest amount of damage is found in
the northeast quadrant of the storm. For example, the
1938 Hurricane that affected the New England area
traveled across Connecticut and Massachusetts then
north to Vermont. The greatest amount of forest
damage occurred on the east side of the hurricane
track!®. Extensive research conducted by the U.S.
Forest Service in South Carolina forests following
Hurricane Hugo found that winds west of the eye
created damage over much less of an area than winds
east of the northeast directional path. Nearer the eye,
trees fell in a variety of directions. However, the eastern
and western sides of the eye, trees fell in directions
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reflective of the counter-clockwise movement of the
hurricane™!. Using Geographic Information Science
(GIS) analysis, it was determined that damage to all
stands was greatest near the eyewall, as distances from
the eye increased, the degree of forest damage
decreased”™.

The direction of tree fall tends to be closely
associated with the sustained wind direction, however,
the direction of damaging winds changes during the
passage of a hurricane, particularly the closer one gets
to the eyewall''?). Hurricane Isabel (2003) made landfall
in North Carolina and traveled northwest through
Maryland. The eye passed to the west of a research site
in the Maryland Piedmont bringing with it relatively
slow wind gust speeds (approximately 22 m sec™).
Locations 40 m inland experienced windthrow in a
predominantly westerly direction between 225° and
315°. About 15.5% of the trees were windthrown, 4.2%
were snapped off and 3.8% were leaning as a result of
the hurricane. As a result, 23.5% of the trees were
severely damaged and 25% of the basal area was
severely damaged. About 20% of the area was
composed of gaps (largest gap was 0.15 ha). Areas with
larger diameter trees had greater probability of
windthrow. Areas with a significant percentage of
yellow-poplar also had higher probabilities of
windthrow!"*!,

Local conditions can also play a role in areas that
are within close proximity to the radius of maximum
sustained winds. Windthrow associated with the
passage of Hurricane Katrina in 2005, for example,
most frequently occurred along roads, powerlines, open
fields and other landscape corridors, due to the higher
exposure to strong winds'””). Windthrow was also found
frequently in forested areas with edges created by
adjacent stands with varying tree heights and
densities!”"). Abrupt changes in tree heights along edges
cause wind to be obstructed and as a result, turbulence
is created which penetrates into the stand some small
distance!"®.  Grisez™ observed similar patterns
associated with the passage of Hurricane Edna in 1954
in the northeastern U.S., as did Craighead and
Gilbert?” following the passage of Hurricane Donna in
1960 in Florida. Cremer et al. ™ suggest that margins
of stands should be thinned and pruned to make them
more wind-permeable and therefore prevent extreme
turbulence events at the edges of stands.

Satellite imagery can be used to assess the impacts
of storms across broad landscapes. Using AVHRR
satellite data captured over Puerto Rico prior to and
after Hurricane Georges (1998), Normalized Difference
Vegetation Index (NDVI) values were used to assess
vegetation changes following the storm!®. The path of
the storm transected the island crossing from the
southeast to the northwest ends. It was determined that
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higher risk areas were those within 12 km from the eye.
Through regression analysis, it was determined that
negative changes in NDVI were significantly related to
proximity of the track of Hurricane Georges. Locations
on the southern portion of the island had the largest
decreases in NDVI values following the storm.

Stand and Site Conditions in Relation to Damage: It
has been suggested that the impact of a hurricane on
forested ecosystems is a function of the intensity of the
storm, its size and directional path and how vulnerable
the stand is as a result of previous disturbance,
mechanical practices, stand conditions (i.e., density,
age, diameter, height, etc.)'”"! as well as soil
characteristics and topography!?*-**">9>1531 " Muyltiple
studies have concluded that the likelihood of damage
from winds in southeastern forests is stronglg correlated
with larger tree diameters’'=>3846:503188971 - Nfore
specifically, it has been suggested that larger diameter
trees are more likely to be windthrown while smaller
trees are more likely to snap!®”. However, following
Hurricane Camille (1969), damage occurred across all
tree sizes but the majority of breakage occurred in pine
trees with diameters larger than 12 cm. Further, after
Hurricane Fran (1996), it was found that damage to
smaller trees is often indirect and is the result of
disturbed adjacent trees, resulting in the bending and
pinning of the smaller trees''*.

Gresham et al®" found that following Hurricane
Hugo (1989) the more abundant species were less
intensely damaged than other, less common species.
This was perhaps the result of morphological and
anatomical properties such as: buttressed boles (cypress
[Taxodium spp.]), swamp tupelo (Nyssa sylvatica var.
biflora), deciduous habit (cypress), large taproots,
widespread lateral root systems (longleaf pine [Pinus
palustris]), or low deliquescent canopy and high wood
strength (live oak [Quercus virginiana)]). Again, larger
diameter trees were more heavily damaged than smaller
diameter trees, while smaller stems were lightly
damaged or undamaged”’>". Also, larger trees were
more commonly directly damaged while smaller trees
were more likely to be indirectly damaged!'®. Longleaf
pine was the exception to this with the smallest trees
suffering the heaviest crown damage whereas
undamaged or lightly damaged trees were in the
intermediate diameter classes. Research following
Hurricane Hugo in Puerto Rico found a moderate
correlation with the degree of damage (minor to
windthrow) and diameter. In heavily disturbed areas,
breakage occurred in about 8% of the trees and about
15-20% of the trees were windthrown. This damage
was uniform across diameter classes. In less-disturbed
areas, breakage occurred in about 2-3% of the trees and
about 3-4% were windthrown®!J,
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Up to this point, we have focused on the impact of
hurricanes to rural forested areas. However, impacts on
urban forests are just as important. A survey of
homeowners in the Miami-Dade region of Florida
following Hurricane Andrew (1992) also found that
larger trees were more susceptible to windthrow than
smaller trees. Additionally, those trees that fell were
typically broken at the stem or were windthrown. The
average size of windthrown slash pine was 56 cm in
diameter and approximately 20 m tall. The slash pines
that remained standing following the storm were about
50 cm in diameter and 17 m tall. Slash pines that were
damaged were more typically snapped rather than
windthrown**],

In general, even-aged forest stands are most
susceptible to wind damage while uneven-aged stands
have shown greater resilience. For example, damage to
trees concentrated in homogenous stands following
Hurricane Hugo (1989) was attributed to stand density
and canopy condition rather than the tree species
present!'®. In fact, any drastic change to the forest
structure as a result of management practices will likel?/
have an impact on a stand’s resistance to winds'*".
Recently thinned stands, for example, may have a
higher likelihood for damage than unthinned stands'™®.
Following Hurricane Audrey (1957), damage to timber
plantations was directly correlated to commercial
thinnings implemented a year prior to the storm!’”.
Following Hurricane Edna (1954), damage assessments
found that those stands that had been lightly thinned
(reduced volume by 15-35%) incurred the lightest
damage (9.1 trees/ha), while stands that had been
heavily thinned (reduced volume by 50-90%) were the
most heavily damaged (12.6 trees/ha) and uncut stands
had the least damage with a loss of 7.9 trees/ha®. In
assessing the damage from Hurricane Hugo in 1989,
Nix et al.”® suggested stand conditions explained about
half of the variation in damage levels. Stands of trees
grown at higher stocking rates and then thinned appear
to be more likely to sustain hurricane damage compared
to stands grown at lower stocking rates™'*"!. Trees
grown closely together often form stable stands as a
result of crown protection and interlocking root
systems. However, individual trees receive little
stimulation to develop stronger root systems, thus when
they are released through thinnings, they are not as
windfirm as they might be in other situations'™.
Additionally, site preparation processes during the
establishment of plantations can influence root
architecture and resistive anchorage of trees to
windthrow and further make a stand susceptible to wind
damage!”.  Further research following Hurricane
Katrina found that stand spacing and tree height were
more important in determining stem breakage in pine
stands than in hardwood stands, suggesting that
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manipulating stand structure might act as a mitigation
measure to prevent damage'®.

The published research provides inconsistent
results along these lines, however. In the southern U.S.,
Trousdell et al!"™ found that the level of residual
stocking or density in pine stands was not a factor with
respect to tree damage. Therefore, they could not say
that heavily thinned stands were more likely to be
damaged than less-heavily thinned stands. In addition,
after the passage of Hurricane Andrew (1992) two sites
in the Florida Everglades were compared, one where
64% of pines (predominantly slash pine) were killed
and another where only 14% of pines were killed. The
variability of damage between the two sites was
attributed to stand density and the one sustaining the
higher damage levels was more densely stocked and
homogenous in structure, whereas the other was less
densely stocked™. In contrast to the impacts of wind
storms on southern U.S. forests, research in Alaska
found that forests more prone to storm damage included
those with uneven-aged conditions and those containing
smaller trees'*>*”). Highly susceptible stands were those
that had higher tree densities, smaller stem sizes and
areas that have a higher likelihood of past catastrophic
canopy disturbance. Those stands that were least
susceptible to wind damage were characterized by
larger trees (>88 cm), old-growth characteristics and
past small scale disturbances. These stands also had
trees ranging across age classes. Moderately susceptible
stands had few larger trees (>88 cm) and may have had
one or more partial canopy disturbances. While
windstorms from the Pacific Ocean do not generally
grow to hurricane strength, the resultin% impact on
forests may be applicable to other regions!*").

Preliminary reports following Hurricane Katrina
(2005) highlighted the role of tree age as a contributing
factor in damage predictions. Specifically, it was found
that older trees are most susceptible to wind
damage!'"”), thus early indications are that stand age
may be a good indicator of forest damage!*”. In De
Soto National Forest in Mississippi, the majority of the
damage occurred in upland longleaf pine forests with
ages ranging between 11 and 30 years''”’!. In contrast,
Boutet and Weishampel!¥ found that older hardwoods
sustained the most damage while young loblolly pine
(Pinus taeda) stands sustained the least following
Hurricane Fran (1996).

Often, soil conditions of an area prior to a storm
are important in determining the overall level of tree
damage. Soil conditions following Hurricane Fran
(1996) were found to be a major contributing factor to
overall tree damage. A roadside tree inventory used to
determine the extent of hurricane damage showed more
than 1,400 trees windthrown along 56 km of road, the
bulk of which was attributed to saturated soils resulting
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from heavy rains followed by strong winds
accompanying the hurricane However, these
observations may have been biased by the fact that
forests adjacent to open spaces and roads may be more
susceptible to  damage®™™.  Another  study!®
investigated the impacts of Hurricane Donna (1960), a
Category 2 storm that traveled through North Carolina
and Virginia. In an eight county area close to the
storm’s path which received heavy rains prior to the
arrival of the storm, it was determined that soil
characteristics played an important role in assessing
damage. Greater wind damage occurred on soils with
restricted layers in the soil profile (i.e., clay). Half of
the trees growing on these soils were damaged, while
only 7% of trees growing on other soil types were
damaged and greater wind damage was observed in
trees growing on soils with moderately coarse texture as
opposed to other types of soils.

The role of topography and aspect in forest damage
associated with hurricanes is not as easily discernable
and may be overshadowed by the influence of tree
height, tree diameter, soil condition and dominant
species type!'®. However, areas of increased exposure
to damaging winds based on topographic characteristics
may suggest more susceptibility to wind damage!'?.
Bellingham™ states that topographical aspect is
important, given the increased levels of stem breakage
and crown defoliation on slopes facing the path of a
hurricane, as compared to those facing away from a
hurricane. Conversely, Brokaw and Grear'"” found that
damage was equally applied to both north- and south-
facing slopes during a hurricane over Puerto Rico*.
Slight topographic variations may have been influential
in determining tree damage in Congaree Swamp
National Monument, South Carolina after the passage
of Hurricane Hugo (1989). Within sloughs,
approximately 19% of trees suffered serious damage
and none of the dominant species (bald cypress
[Taxodium distichum var. distichum], water tupelo
[Nyssa aquatica]) were seriously damaged®. Trees
within these sloughs may have been more sheltered
from wind, however, the crowns of trees were as tall as
or taller than trees in adjacent areas. At higher
elevations in the Appalachian Mountains, wind damage
associated with Hurricane Opal (1995) occurred
amongst trees found in upper slope conditions and
along ridges”. Further muddling the implied
correlation between topographic characteristics and tree
damage, Busby'"®! suggested that areas which suffer the
most windthrow are those with flat or gently undulating
terrain!'®!,

Ultimately, the characteristics of a forest (species
composition, tree diameter, density and site conditions)
are not independent of storm strength or location in
determining a stand’s damage susceptibility to damage.
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For example, in the Santee Experimental Forest, South
Carolina, Nix er al”® found that there was no
correlation between soil characteristics or stand
conditions and damage levels after Hurricane Hugo
(1989). Each of the damage-resistance features of
stands had little effect on the destructiveness of high
winds. However, in the nearby Francis Marion National
Forest, stand condition explained nearly half of the
variation in damage levels. This variability in damage
between the two forests following the same storm is
attributed to the proximity of the eye of the storm to
each forest. In this instance, Santee Experimental Forest
was closer to the eye of the storm, therefore, damage
was inevitable regardless of the pre-storm stand
characteristics.

Species-specific responses to hurricanes: Identifying
species-specific ~ responses  to  hurricanes  is,
unfortunately, difficult. Barry ef al."”! found that a tree’s
wind resistance is dependant on the strength of the
wood, the shape and size of the crown, the extent and
depth of the root system, soil moisture conditions and
the shape of the tree bole. For example, in general,
Stanturf et al.”®' suggest greater losses in pine stands
than in hardwood stands after Hurricane Katrina (2005),
while the opposite was true following Hurricane Rita
(2005). Following Hurricane Camille (1969),
researchers found in one area of Mississippi that pines
were damaged mainly by breaking, while hardwoods
were damaged mainly by windthrow!”>'*". Damage
varied across the affected area, indicating that wind
intensity was inconsistent. Evidence following
Hurricane Camille suggests that taller trees that were
more likely to break than be windthrown!"®. Pines
were more commonly broken, while hardwoods were
more often windthrown>>'%*,

Conifers: Generally speaking, in the southern U.S.,
longleaf pine stands are typically more resilient to
hurricane damage than loblolly pine stands and loblolly
stands that have been recently thinned have an even
higher likelihood of damage"®!. Within the Hobcaw
Forest following Hurricane Hugo (1989), loblolly pine
trees were most commonly broken or sustained crown
damage, whereas only a small percentage (5%) of
longleaf pine were windthrown or broken during the
storm. This finding was attributed to stands containing
older longleaf pine trees (>70 years), having low
stocking levels and having been developed in open
conditions for ?Suite some time (providing a history of
wind exposure)™. Further investigation by Brokaw and
Walker''® found that, in general, loblolly pine sustained
more damage than hardwoods and baldcypress
(Taxodium distichum var. distichum) and live oak
sustained little damage. Gresham er al.®® found that
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longleaf pine was the least damaged of the pines,
however smaller longleaf pines sustained more damage
than larger longleaf pine trees. Loblolly pine trees
sustained moderate damage (26%) and as a result of
shallow rooting systems, pond pine (Pinus serotina)
incurred the highest degree of damage (34%).

Within the Florida Everglades Hurricane Donna
(1960), over 90% of damage in thinned loblolly stands
was from windthrow, not from stem breakage!'®.
Surveys along fire roads estimated up to five
windthrown pines per hectare while live oaks and slash
pine were found windthrown at much lower
frequencies. The increase in loblolly pine windthrow
was a result of the type of bedrock present, which
limited the root system development of loblolly pine
trees*’,

Hardwoods and cypress swamps: In contrast to other
storms, Glass and Oswalt™®® found that hardwoods
experienced more wind damage than softwoods and
almost twice as much bole damage and windthrow
following Hurricane Katrina (2005). As the distance
inland increased of the hurricane, more hardwood
damage was found than softwood damage. Bottomland
hardwood sites included sycamore (Platanus
occidentalis), ash (Fraxinus spp.) and elm (Ulmus
spp.). Trees within approximately 20 km of the eye
during Hurricane Katrina suffered the greatest amount
of damage. These areas sustained approximately 60%
tree loss due to windthrow. Cypress-tupelo stands
sustained little damage, conversely, other bottomland
hardwood stands lost close to a quarter of their stem
density and basal areal®”!. Hook et al.°® described tree
damage following Hurricane Hugo (1989) within the
Santee Experimental Forest and Hobcaw Forest in
South Carolina and found that oak species experienced
the greatest amount of damage, which was attributed to
the shallow rooting system and large crown
architecture®. Hook et al.’* found the bulk of heavy
damage occurred in poorly drained bottomland
hardwood depressions and hardwood-pine depressions.
In another study south of the Hobcaw Forest in South
Carolina after Hurricane Hugo, hardwoods (except
swamp tupelo and live oak) suffered more wind damage
than softwoods®'. Live oak was an order of magnitude
less damaged as compared to laurel oak (Quercus
laurifolia) or water oak (Quercus nigra). Heavy
damage occurred on approximately 19% of the laurel
oak. Touliatos and Roth!"" found similar damage
patterns following Hurricane Camille (1969). Species
such as baldcypress, live oak and pondcypress
(Taxodium distichum var. nutans) were found to be
more resilient to wind damage than other species. In
general, live oaks are relatively wind resistant, with
most damage arising through windthrow"*.
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Hardwoods within the Long Pine Key and
Lostman’s Pine areas of the Florida Everglades were
found without canopies and foliage following Hurricane
Andrew (1992). Approximately 85% of hammock trees
were classified as heavily damaged with almost half of
the damaged trees were windthrown. The underlying
limestone bedrock and soils may have prevented some
standing trees from being windthrown!?!. In another
study, Pimm ez al.® found that most hardwoods were
defoliated and approximately a quarter were broken,
windthrown, or had broken limbs following Hurricane
Andrew. During this storm, black willow (Salix nigra])
trees were especially susceptible to windthrow 7.
Following Hurricane Andrew (1992), nearly 75% of
cypress that were located within approximately 20 km
of the eye were damaged. Of the damaged cypress, 4%
were heavily damaged (broken or windthrown)™*. Noel
et al™ surveyed cypress domes and found that cypress
experienced little major damage when in close
proximity to the hurricane eye wall and that breakage
and other major damage occurred less frequently in
smaller diameter trees. Additionally, levels of damage
decreased more rapidly on the south (left) side of the
hurricane track as one moved away from the eye,
however the domes on the north (right) side of the
hurricane track contained fewer broken trees. While
height and diameter of trees were good predictors of
damage, the size of the storm may affect the extent of
area in which damage occurs, as well as the rate of
decrease in damage as one moves away from the eye of
the storm.

At higher elevations, a study’” in response to
Hurricane Opal (1995), which passed 240 km to the
west of Bent Creek Experimental Forest in Asheville,
North Carolina, examined the impact on predominantly
hardwood forests. Surveys conducted within canopy
gaps following the storm found that 17-38% of all live
trees in the gaps were windthrown while 8-18% of the
trees were broken. Windthrow most frequently occurred
in red oaks (Quercus rubra), with scarlet oak (Quercus
coccinea) comprising the maf'ority (44-67%) of
windthrown trees when present .

Storm surge damage: Storm surges precede the
landfall of a hurricane and consist of a long wave of sea
water in which the amplitude and frequency change
continuously over time and space. In a non-dispersive
condition, when more than one long wave is produced,
subsequent waves can overtake the others and produce
a single, steeper wave, of increased energy and
amplitude!'®. Further, wind energy is converted to
water momentum in front of the eye of a hurricane!*”.
Storm surges generally occur with a peak wave along
the right side of the storm track®. The worst case
scenario is when the storm surge coincides with the
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astronomical high tide!®?. Most of the large human

death tolls associated with hurricanes are the result of a
storm surge greater than 3 m in height'”. As an
example of the magnitude of storm surges, an October
1898 hurricane that made landfall in Florida created a
storm surge in Georgia that raised water levels 5.5 m
above the mean high tide at Sapelo Lighthouse on
Sapelo Island and 4 m above the mean high tide inland
at the town of Darien, Georgial*. Hurricane Ivan (2004)
made landfall as a Category 3 storm and Pensacola,
Florida was in the northeast quadrant of the storm.
Storm surges at Pensacola reached between 3 and 5 m
high, raising water levels for 31 h. The storm surge led
to an increase in surface area of Pensacola Bay by
approximately 50%, corresponding to a 230% increase
in water volume and affecting approximately 166 km®
of land®. Even more dramatic, Hurricane Katrina
(2005) developed a storm surge of over 9 m in some
coastal areas of Mississippil**.

Storm surges can result in severe forest damage
due to increased salt levels resulting in increased levels
of leaf and needle litterfall along with decreased levels
of water uptake through roots!''l. Storm surges may not
impact all areas of a forest equally: the spatial position
of trees and the soil condition are important factors in
determining the impact of saltwater inundation. Also,
trees within closed depressions and areas beside
drainages will be more heavily impacted and see higher
mortality rates'*. Further, wet weather prior to the
hurricane may limit the ability of saltwater to infiltrate
saturated soils®®). Research following Hurricane
Audrey (1957) found that trees most heavily impacted
by high levels of salinity were located on fresh marsh
soils and slowly permeable ridge soils. The least
affected areas had highly permeable ridge soils. Rain
facilitates the rapid permeability of these types of sandy
soils % Following the 1938 New England hurricane,
Moss!’® observed that where surges occurred and water
was impounded, all of the trees died. Gardner er al.l*”
found that the storm surge associated with Hurricane
Hugo (1989) affected forests approximately 1.5 km
inland. Low lying forest floors close to the coast held
on to approximately 1 m of saltwater for nearly two
weeks and then infiltrated the soil as the water table
lowered again. As a result, soil salinity following the
storm ranged from approximately 10-13 ppt and peaked
a week after the storm.

While baldcypress and some hardwoods have been
found resistant to wind damage, past studies have found
that these species may be more sensitive to salt
inundation. Following Hurricane Hugo (1989), studies
suggested that baldcypress and blackgum (Nyssa
sylvatica var. sylvatica) were the most susceptible to
damage from salinity, with stands of these tree species
losing between 50 and 75% of their stocking due to salt
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inundation'?**®!. In stands that did not retain saltwater,
almost a cluarter of blackgum trees per unit area were
damaged®. Salinity within the surge areas either
stressed or killed pines and the stressed pines eventually
became a beetle infestation concern. Pine mortality
typically occurred in forested areas adjacent to
hardwood swales in topographic depressions!*".

The impact of salinization in a forest may have
more long term effects than the impact of wind
dama%e[”]. The salinization effect on tree species
varies'®* *% however Barry er al'® suggest that many
affected trees may return to good health eventually.
Nevertheless, storm surges have been identified as an
important disturbance regime in maintaining some
southeastern forest species, such as slash pine, by
killing dense understory that may otherwise out-
compete young pines trees for nutrients and
sunlight'”, One additional issue facing land managers
charged with forest damage recovery efforts concerns
the appropriate amount of time to wait to plant trees in
areas that were inundated with storm surge waters. The
rate of movement of saltwater through the water table
will ultimately depend on the rate of subsequent rainfall
and the depth of the water table. With adequate rainfall,
salt content will progressively decline in soils through
leaching processes and maybe, within a year or two,
eventually return to pre-hurricane levels!" ). Further
complicating their role in hurricane damage, storm
surges in combination with high winds may result in
debris dams composed of tree, shrub, grass and aquatic
vegetation. Windthrow composed of low-lying
vegetation may combine with silt and peat to form
debris dams which could potentially further trap
saltwater in forest stands'*".

Tree mortality levels: Inevitably, hurricanes will result
in tree mortality. To better prepare, natural resource
managers need to be able to gauge the degree to which
tree mortality will occur following a hurricane. Factors
that may influence a tree’s susceptibility to mortality
following a storm include tree species, diameter, stand
condition and proximity to the storm’s path. Brokaw
and Walker'” suggested that while hurricanes can
cause extensive structural damage, mortality rates may
be surprisingly low. However, initial mortality
estimates following a storm may be under-estimated,
resulting from a lag time in species-specific mortality
rates'”). For example, Sheffield and Thompson!*® found
that damaged hardwoods took longer to die than
damaged pines. And Platt er al®* determined that
mortality rates in slash pine were 17-25% shortly after
Hurricane Andrew and 3-7% a year later. Mortality
rates were lower in old-growth stands and increased
with increases in diameter. Armentano et al* found
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similar results following Hurricane Andrew (1992),
where a predominantly old-growth forest sustained
minor damage and had fewer instances of mortality
following the storm. However, following Hurricane
Kate (1985), Batista and Platt " noted that overstory
species had the greatest incidence of mortality. As we
have noted earlier, the location of a stand of trees in
relation to the radius of maximum sustained winds is
important in determining tree damage and mortality
levels. Research in Dade County Parks, Florida found
that hardwood hammocks closest to the center of the
eye of Hurricane Andrew suffered the highest tree
mortality  (67%). The  hardwood  hammock
approximately 8 km away from the edge of the eye had
the least mortality (32%)""".

Tree Regeneration: Micro-environments created by
windthrow and subsequently exposed to high light
levels will be quickly established by shade intolerant
tree species following hurricanes!'”. In general, small
canopy gaps may fill in quickly with existing canopy
tree species following catastrophic wind disturbance,
yet larger gaps rely on existing seed sources as well as
introduced seeds for regeneration of trees®”. The
amount of debris on the ground is an issue, however.
For example, the forest floor in hardwood hammocks
following Hurricane Andrew (1992) was buried beneath
a tremendous amount of dead vegetation, however,
defoliated and damaged trees rapidly produced new
shoots from suppressed buds on branches and boles.
Accompanying the resprouting of hardwoods, exotic
plant species also began to establish themselves.
Natural regeneration of pine in small canopy gaps
appears limited given the inadequate seed source and
the capitalization of freed-up resources by hardwood
tree species'”. Putz and Sharitz®” found a decrease in
species diversity due to the competitive nature of other
species, such as maples (Acer spp.), that took advantage
of post-storm conditions. In contrast, five years after
Hurricane Fran (1996), one study!'® suggested that
there was little change in species composition following
the disturbance. The storm essentially sped up the
successional process in pine stands by increasing the
dominance of understory hardwood species, which
emphasizes the importance of multiple surveys a
hurricane to determine the full extent of the change in
tree species diversity brought about by the storm.

Dunn et al.*¥ investigated the regeneration process
of an old-growth hemlock-hardwood forest in New
Hampshire following a catastrophic blowdown. The
1977 post-blowdown sample was compared to pre-
blowdown datasets from 1967. Following the
blowdown, approximately 6% of the basal area and
11% of the stems remained. After the downburst,
yellow birch (Betula alleghaniensis), red maple (Acer
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rubrum) and basswood (Tilia americana) were the most
common tree seedlings, with total seedling density
increasing by approximately 100%. Fifty-two percent
of the seedlings were yellow birch. While hemlock
(Tsuga canadensis) was a dominant species prior to the
disturbance, hemlock seedlings were uncommon in the
post-downburst forest.

The saltwater associated with a storm surge may
also affect advanced regeneration. For example, red
maple and red bay (Persea borbonia) seedlings are very
sensitive to saltwater inundation and in one study, 80%
of red maple seedlings died within two weeks of
saltwater flooding. Three weeks after the flooding
event, red bays began to die as a result of flooding.
Unfortunately, neither tree species could handle more
than one day of flooding!**.

DISCUSSION

Immediate priorities following a hurricane are the
safety and health of humans. Additionally, roads will
need to be cleared, the safety of infrastructure such as
bridges and power lines will need to be verified and all
utilities will need to be restored”. These priorities,
however, are not independent of the responsibility
natural resource managers and landowners might feel in
addressing the damage to their forests. Unfortunately,
hurricane frequency, location and impact are difficult to
predict. One step in making hurricane response plans
easier to develop and implement is understanding how
hurricanes impact forests and the biological and
physical characteristics of a forest that may make them
more susceptible to damage from a hurricane.

In addition to being prepared for potential damage
to forests, natural resource managers and landowners
should consider the management implications of
hurricane damage recovery efforts. Many management
decisions and planning efforts will be impacted by the
directional fall of trees. Specifically, identifying
potential areas of powerline damage, priority roads to
be cleared and potential areas of fuel load accumulation
will be of the utmost importance following a storm.
Also, salvage logging operations will need to begin
immediately following the storm. With this comes
concern over protecting environmentally sensitive
areas, as well as protecting residual stands of trees so
that they will be both economically and ecologically
viable after the storm. After Hurricane Opal (1995)
struck the southern Appalachians, it was found that
salvage logging promoted rapid understory regrowth
and led to increases of tree density and basal area that
were 5% greater than a site that had not been salvage
logged. Stands consisted of various tree species
including oaks, red maples, hickory (Carya spp.) and
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yellow-poplar. This effect was attributed to the pit and
mound topography created by windthrow, combined
with shade provided from remaining slash, which
created the appropriate environmental conditions for
increased species richness and diversity®®. Similarly,
Fail®® made a comparison between regeneration in
unsalvaged and salvaged plots conducted following
Hurricane Hugo (1989) in a mixed loblolly
pine/hardwood forest. Findings indicated that clearing
of windthrown and damaged trees may have resulted in
increased growth rates of surviving trees, along with
higher levels of organic matter, greater decomposition
rates and lower root:shoot ratios.

As we have alluded to, tree mortality that
accompanies hurricane damage can also lead to an
increased likelihood of insect outbreaks. Armentano et
al ! observed, following Hurricane Andrew, that by the
following spring, insect outbreaks accompanied pine
mortality. Stressed vegetation can lead to infestations of
insects such as engraver or bark beetles. Slash left
behind following salvage operations can also provide
an environment conducive to bark beetle outbreaks.
These outbreaks can lead to beetle attacks on healthy
trees if salvage operations are not timely'®.

Natural resource managers will also need to
consider the impact on wildlife following high winds
and flooding associated with hurricanes. Wildlife
species susceptibility has been correlated to a decrease
in available habitat following hurricanes''"*"**! while
others have attributed wildlife species susceptibility to
changes in  available  food  supply and
microenvironments '), Following Hurricane Katrina
(2005), damage in the DeSoto National Forest led to the
loss of nearly half of the 150 red-cockaded woodpecker
(Picoides borealis) cavity trees through breakage or
windthrow of cavity trees'”. Additionally, Hurricane
Andrew (1992) damaged almost all of the red-cockaded
woodpecker cavity trees in Everglades National Park,
Big Cypress Reserve and Biscayne National Park®.
On the Francis Marion National Forest alone, the
majority (approx. 75%) of the old-growth trees
necessary for woodpecker habitat requirements were
damaged'®. This loss of habitat for red-cockaded
woodpeckers could lead to increased competition from
other species for nesting habitat, forcing them to
attempt to nest elsewhere, potentially leading to
increased mortality from exposure or predation’,

High winds and flooding associated with
hurricanes, particularly near the end of a growing
season when plants have developed their seed, can also
increase the opportunity for dispersal of exotic plants.
Exotic plants can impact site diversity through
competition with native plants. This, in turn, could
potentially lead to the extinction of native flora®™.
Openings in tree canopies and opportunities for seed
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dispersal following a severe storm may accelerate the
advancement of exotic species!®®).

CONCLUSION

Generalizations of the potential impacts of
hurricanes on forests along the Atlantic Ocean and Gulf
of Mexico coasts are difficult to develop. While forest
responses vary based on geographic position in relation
to the storm, stand characteristics, soils, species
characteristics, topographic exposure and tree
physiology are also important in assessing the risk to
forest damage. For example, stand characteristics are
important in determining potential damage since in
general, those trees that are taller, larger and older have
a higher likelihood of incurring direct damage than
smaller, shorter and younger trees. Understory and
midstory trees are more commonly damaged due to
indirect means such as snapping and windthrow of
adjacent trees, abrasion resulting from rubbing against
neighboring trees and pinning by larger fallen canopy
trees. Breakage or snapping in trees is more common in
pine species, while hardwoods, in general, are more
likely to be windthrown. Species such as baldcypress
and live oak are fairly resistant to wind damage, likely a
result of the morphological characteristics of these
species. Windthrow is a function of multiple conditions,
including soil type, soil moisture, short rooting systems
and underlying bedrock. Tree taper has also been
identified as an attribute that can help in identifying
trees that may be damaged during a hurricane,
suggesting that trees grown in crowded stands (such as
plantations) approach cylindrical forms (low taper)
making them more susceptible to damage. Stand
density and structure play an important role in
identifying higher risk areas, as less dense stands seem
to be more resilient to wind damage. There were
exceptions found following Hurricane Katrina (2005),
with younger more densely spaced softwood stands
havin% a lower degree of damage than hardwood
stands'™®. Even-aged forest stands are generally most
susceptible to damage from gusts while uneven-aged
stands have shown a greater resilience. Additionally,
any recent, significant change to the forest structure as a
result of management practices may lead to stand
susceptibility to wind damage!*”. Finally, trees adjacent
to roads, open fields, or next to stands that were
recently clearcut or heavily thinned are more
susceptible to wind damage during a hurricane. The
physical and biological responses need to be weighed
against the economic and ecological risk landowners
are willing to assume. Granted some management
practices can be used to reduce risks and make stands of
trees more wind-firm, however the cost and timing
associated with these should be weighed against the
uncertainty of hurricane events in a given region.
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