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ABSTRACT

Hurricane lIsabel caused large forest
blowdowns over awide area of the Mid-Atlantic,
including the Piedmont and Blue Ridge in
Maryland, Virginia, and West Virginia. This
damage occurred despite these regions being well
inland from the coast and maximum wind gust
speeds of only about 50 mph (23 mis?). Forest
damage was intensively sampled in a 1-haplot in
the Piedmont of Maryland that had been delimited
and tagged fiveyearsprior to Hurricane I sabel, and
thus can be considered a random sample with
respect to storm impact. Additionally, blowdown
and control transects were compared at six other
locations in the region.

The intensive study site (West Woods
Permanent Plot) had 23.5% of its trees showing
“severe damage” (uprooting or snapping of the
trunk) and destruction of the canopy over 21% of
itsarea. Damage was patchy, with some large gaps
of up to 1500 m?, but with other parts of the plot
showing little or no damage. Tree fall was
overwhelmingly toward thewest. Uprooting—total
or partial—was the predominant form of damage
(over 19% of trees). The storm contributed an
estimated 78 Mglha* of coarse woody debristo the
forest floor, over five timesthe amount previously
present and comparable to levels typically found
in old-growth forests.

At the intensive study site and in all six
blowdown-control pairs, areas of forest with larger
trees had the highest probabilities of uprooting.
Tuliptree and black cherry were especialy likely
to be uprooted. These patterns imply that as the
secondary forests of theinland Mid-Atlantic grow

older and their trees become larger, they will be
increasingly vulnerable to damage, even from
relatively weak storms. This prediction has
implications for a variety of policy questions,
including suburban sprawl, land use planning, risk
estimation, burial of utility lines, and forest
management, as well as for greenhouse warming,
nitrogen inputs to the Chesapeake Bay, and the
ecology of disturbance.

INTRODUCTION

Most of the articles in this volume concern
estuarine ecosystems, particularly those of the
Chesapeake Bay. Herethefocus shiftsto terrestrial,
upland ecosystems, in particular, the forests of the
Piedmont and Blue Ridge in the Mid-Atlantic
region. In this landscape, the predominant impact
of Hurricane Isabel resulted from wind damage.

At first glance, one would not have expected
Hurricane Isabel to have had much impact on the
forests of thisregion. Its intensity at landfall was
only Category 2. By the time it reached the
Piedmont of central Maryland, it had traveled
across several hundred kilometers of Coastal Plain
and the storm had diminished to tropical storm
intensity with wind speeds comparabl e to those of
thunderstorms, winter nor’ easters, and other storms
typical of the region that may occur annually or
more frequently.

Severa of theinitial descriptions of Isabel’s
impact on the Piedmont matched the expectation
of littleimpact on the inland areas. Some officials
did describe the storm’s impact in dire terms, but
other coverage emphasized that damage appeared
to be less than expected—at least in inland areas.

K.G. Sellner (ed.). 2005. Hurricane Isabel in Perspective. Chesapeake Research Consortium, CRC Publication 05-160, Edgewater, MD.
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The headline in the Frederick News-Post on the
day after the storm was “Isabel Not So Bad,” and
climatologist Patrick Michagls, in an op-ed aweek
later, said simply: “As windbags go, Isabel was a
weenie’ [1, 2].

In this paper, the authors show that although
such statements accurately describe wind speeds,
the damage to inland forests was considerably
greater than expected. Furthermore, thefactorsthat
led to the forests' vulnerability, such as large tree
size, particularly in species such as Liriodendron
tulipifera (tuliptree or yellow-poplar), arelikely to
become more important in coming decades. This
prediction has implications for several issues of
ecology and palicy.

METHODS

Wind Gust Estimation

Standard NOAA estimates of sustained winds
associated with Hurricane I sabel in our region were
used. However, since damageto treesmay be more
closely associated with wind gusts than with
sustained wind speeds, estimates of maximumwind
gust intensities at afiner resolution thanispossible
with official weather station datawere al so sought.

For this purpose, the authors used the records
of maximum wind gustsrecorded at the stations of
the NBC-4 WeatherNet, affiliated with television
station WRC-TV in Washington, D.C. [3]. These
stations are located at schools, colleges, federal
agencies, and other institutions, and provide daily
measurements of basic weather data (including
maximum wind gust) available through the
television station’s website.

On 29 September 2003, the data for all
WeatherNet stations between Manassas, Virginia
in the south and ljamsville, Maryland in the north
and from Washington, D.C. in the east to
Martinsburg, West Virginia in the west were
downloaded. After discarding stationslacking data
for 18 and 19 September and excluding one station
with anomalously low values as an outlier (NIST,
Gaithersburg, Maryland; maximum gustsrecorded
as27.8 mph (kmihr) or 18 September and 4.6 mph
(kmlhrt) for 19 September), 25 stations contained

valid data. The larger of the 18 September and the
19 September “maximum wind gust” values was
taken as the estimate. To check for latitudinal and
longitudinal trends, the maximum wind gust
estimates were regressed against each station’s
latitude and longitude.

Study Sites: West Woods Per manent Plot

Ste Description

In studies of forest damage by storms, study sites
are usualy chosen and plots laid out only after
storm damage has occurred. This situation creates
problems in estimating forest damage, since the
exact location of the plot boundaries can have
major effects on estimates. Thus, the subjectivity
involved in locating study plots makesit difficult
to assess whether the forest damage measured is
truly representative of the overall landscape.

Serendipitously, a study site in the Piedmont
of Maryland had been established 5 years before
Isabel with all treesinal-haforest plot at thissite
identified, tagged, and annually measured from
summer 1998 through 2003. Thus, this site
provides both long-term background data in
addition to detailed estimates of forest damage due
to Isabel at alocation independent of damage by
the hurricane. These estimates can, therefore, be
considered as a random sample of the damage to
the forestsin this region.

The West Woods study site is located in
Dickerson, Maryland (39.21° N, 77.42°W) at 100
m elevation in the Piedmont of Maryland, about
50 km northwest of Washington, D.C., 5 km from
Sugarloaf Mountain and well inland from the
Atlantic coast (220 km). It islocated on Penn sandy
loam soils over bedrock of New Oxford Triassic
sandstone. The site slopes gently to the west (1—
5%) downto thefloodplain of the Little Monocacy
River. The approximately 4 haof forest isestimated
to be 80-100 years old.

A 100 x 100 m Permanent Plot was
established within the 4 haof forest in the summer
of 1998; all trees 10 cm DBH (diameter at breast
height) and up were tagged, identified, measured,
and mapped on a10 x 10 m grid. As of September



2003, the Permanent Plot had 23 tree species and
was dominated by tuliptree (Liriodendron
tulipifera) and black cherry (Prunus serotina).
Other important treeswere: oaks (Quercus, 4 spp.),
hickories (Carya, 4 spp.), ashes (Fraxinus, 2 spp.),
maples (Acer, 2 spp.), beech (Fagus grandifolia),
and elm (Ulmusrubra). No conifers were present.
Tree density was 425 treesiha’ and the total basal
areawas 36.32 m?fa! Canopy height, estimated
with an electronic clinometer, averaged 33.8 m (SD
=0.6 m, range=29.4-42.7 m), and waslessthan 5
m at only 1.7% of the 121 grid points.

Damage Estimation

The annual measurements of the Permanent
Plot for summer 2003 had been taken from 22—24
June. These data were updated on the morning of
18 September, just before the hurricane passed over
theregion. All treesin the plot were checked to see
whether they had died since Junewith their damage
status classified on a 7-point scale: 1 = Standing
erect (“OK"), 2= Leaning by 1-15°, 3 = Leaning
16-30 °, 4 = Leaning 3145 °, 5 = Leaning more
than 45°, 6 = Trunk snapped, and 7 = Uprooted.
The direction of leaning or fall was also noted.

Immediately after the hurricane spassage (19—
21 September), this damage assessment was
repeated for all trees. Treesin category 5 (Leaning
by more than 45°) were kept from falling because
their crowns were ensnared in neighboring trees
and would otherwise have been classified as
Uprooted.

Coarse Woody Debris

Coarse Woody Debris (CWD) input to the
forest floor of the Permanent Plot by Isabel was
estimated using the line transect method [4]. Since
the direction of fall was clearly non-random, per-
pendicular transects in cardinal directions (N-S,
E-W) [5] were used. Each piece of CWD was mea-
sured, identified, and assigned adecay class using
a modified Adams and Owens' classification [6].
Total CWD volume was determined using the stan-
dard formula for line-transect sampling; biomass
was calculated by multiplying volume by density
separately for each species and decay class[5, 6].

Study Sites: Blowdown and
Control Paired Transects

To verify conclusions from the West Woods
stewithreplicatesat other sitesintheregion, paired
transects were established at six other forest sites
in September and October 2003. Each pair
consisted of a0.2-hatransect through ablowdown
caused by Isabel and a 0.2-ha transect through
adjacent forest that had suffered little or no damage,
asacontrol.

The transect pairs were located at sitesin the
Piedmont and Blue Ridge within 60 km of the West
Woods. From east to west, their locations were:
Schaeffer Farms area, Seneca Creek State Park,
Maryland (2 sites), Sugarloaf Mountain, Maryland
(1 site), Turner’s Gap, Maryland (2 sites), and
Keyes Gap, on the Virginia/West Virginia border
(1 site). At three sites, the forest is dominated by
oaks and hickories, whiletuliptreeisthe dominant
at the other three (Table 1). Stand density does not
vary greatly among these sites.

Locating these transects involved a certain
amount of subjectivity, as discussed above. To
minimize this, pre-existing trails were used as the
centers of 20-m-wide (10 m on each side of the
trail) x 100-m-long transects for both blowdowns
and control. After locating the blowdown transect
so that its center was within the heavily damaged
area, the control transect was placed along the
nearest part of thetrail that matched the blowdown
transect in dopeand aspect. Inthree of the six cases,
the control was immediately adjacent to the
blowdown; the largest distance between the two
transectsin apair was less than 100 m.

In each blowdown and control transect, the
DBH of all treeswereidentified and measured and
assigned to damage categories using the same scale
as the West Woods site.

Growth Trends of Mid-Atlantic Forests

The findings at the West Woods site and the
six blowdown-control transect pairs (see Results)
indicated that future growth trends of the region’s
forests will have a major influence on their
vulnerability to damage by storms. To evaluate
growth trends, datafrom the U.S. Forest Service's
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Table 1. Mean DBH (mm) of trees in paired 0.2-ha transects in blowdowns caused by Hurricane Isabel and in
nearby less-damaged control forest and percent of trees with severe damage (Leaning > 45°, Snapped, or Uprooted)
at six sites in the Piedmont and Blue Ridge of Maryland, Virginia, and West Virginia. For paired t-test of difference
in mean DBH between blowdowns and controls: Mean difference = 60 mm, t =5.89, n = 6, P (two-tailed) = 0.002.

Site Forest type Blowdown mean Control mean DBH | Percent of trees

DBH (mm; treesHa’l (mm; trees(daz w/ severe damage
in parentheses) in parentheses) in blowdown

Sugarloaf E, MD Tuliptree 380 (305) 284 (405) 28.7

Keyes’ Gap, WV-VA Oak-hickory 312 (330) 248 (570) 9.2

Turner’'s Gap N1, MD Tuliptree 355 (260) 283 (355) 13.5

Turner’'s Gap N2, MD | Oak-hickory 270 (385) 249 (450) 15.6

Schaeffer Farms S Tuliptree 395 (390) 349 (435) 14.1

Seneca Creek

State Park, MD

Schaeffer Farms N Oak-hickory 332 (415) 268 (500) 6.0

Seneca Creek

State Park, MD

Forest Inventory and Analysis (FIA) project were
used. These data are part of a standardized
nationwide inventory of forest growth and
composition available in tabulated form on the
Internet [7] and also summarized in various forms
[8, 9]. The data for the state of Maryland, where
most of the study sites are located, were used in
the study. The most recent FIA datafor Maryland
are from 1999.

RESULTS

Storm Track and Wind Speeds

Hurricane Isabel’s center passed approx-
imately 110 km to the west of the West Woods site
between 02:00 and 05:00 on 19 September 2003.
The maximum sustained 1-min wind speed in the
vicinity of the West Woods Permanent Plot, based
on the NOAA Tropical Storm Surface Wind Field
Analysiscontour map [10], wasabout 37 mph (16.5
mis?). The maximum wind gust for the 25 NBC-4

WeatherNet stations in the study region averaged
50.5 mph (22.6 mis?') with a standard deviation of
6.9 mph (3.1 m[s?). The maximum value recorded
among the 25 stationswas 62.9 mph (28.1 m(s?) at
Reston, Virginiawhile the minimum was 36.0 mph
(16.1 m[s?) at Leesburg, Virginia. There was no
significant trend in either directionintheregression
of maximum wind gust versus latitude and
longitude.

Forest Damage: Permanent Plot

Despite these relatively low wind speeds,
damageto the Permanent Plot was high (Figure 1).
Overall, 15.5% of the trees were uprooted, 4.2%
were snapped, and 3.8% were | eft |eaning by more
than 45°. These results compare to none uprooted,
0.2% snapped, and 0.7% |eaning by more than 45°
just before Isabel. Combining these three highest
damage categories as “Severe Damage” gives a
value of 23.5% after the storm versus just 0.7%
beforehand.



Other measures of forest damageyield similar
values. Using basal area instead of density to
calculate the percentages gives a Severe Damage
value of 25.1%. Canopy gap area (points where
the canopy height waslessthan 5 m) was 21.5% of
the plot post-1sabel compared to 1.7% prior to the
storm.

Thedirection of fall of the severely damaged
trees was overwhelmingly toward the west (mode
= 270°, with the large mgjority falling between
225° and 315°. The spatial pattern of tree fall was
quite clumped, with large gapsin some parts of the
plot and practically no damagein others. Thelargest
gap was about 1500 m?, extending from the central
part of the plot to the southeast corner; a second
gap aong the south border of the plot covered about
600 m? within the plot and about an equal area
outside of it.

Logistic regressions of the probability of
severe damage versus DBH and tree species
showed significant effects of both. Larger DBH
treeswere considerably morelikely to suffer severe
damage (P < 0.001). A separate analysis showed
that for a given DBH, trees with greater heights
were more likely to be severely damaged. While
levels of severe damage varied considerably among
species, only black cherry was significantly more
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likely to suffer severe damage after controlling for
DBH (P =0.004).

Coarse woody debrisinput to the forest floor
in the Permanent Plot was very large, with an
estimated 78 Mglhabeing added by the hurricane.
Thiscomparesto 15 Mglha* present before | sabel.
The CWD input was about equally divided between
trunks (53%) and branches (47%). An estimated
77.5% of the CWD biomass was from tuliptree,
the site’'s dominant species.

Forest Damage: Blowdown-Control Pairs

Therelationship between tree size and severe
damage was reinforced by the comparison of the
blowdown and control transects at the six other
sites. In every case, treesin the blowdown areahad
a larger mean DBH than trees in the control
transects (Table 1), adifference that is highly sig-
nificant (mean difference= 60 mm, t=5.89, n=6,
P (two-tailed) = 0.002). Forest stands dominated
by tuliptree had consistently greater levelsof severe
damage in their blowdown transects (mean of
18.8%), than did forests dominated by oak and
hickory (10.3%).

Logisticregression of the probability of severe
damage versus DBH and species, taking the trees
from the six blowdown-control transect pairs as a
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Figure 1. Damage status of trees before (a) and after (b) the passage of Hurricane Isabel at the West Woods
Permanent Plot, Dickerson, Maryland. Damage categories were: Standing erect (“OK"); Leaning by 1-15°; Leaning
by 16-30°; Leaning by 31-45°; Leaning by more than 45°; and Trunk snapped and uprooted.
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whole, shows the same patterns as the paired
comparisons. Probability of severe damage is
significantly increased by increasing DBH (P =
0.001) and controlling for DBH if the species is
tuliptree (P = 0.012) or black cherry (P =0.016).

Forest Growth Trendsin the Mid-Atlantic

The FIA inventoriesindicate clearly that tree
DBHsand timber volumesin Maryland forestshave
increased substantially in recent decades, and that
thistrend is continuing. Average timber volume per
acrein Maryland forests has grown from 2274 bd-
ftidcretin 1950to0 6814 bd-ftlacre!in 1999 [8]. The
diameter distribution of tree sizes shifted towards
larger trees between 1986 and 1999, with more
individuals having diameters above 400 mm (16
in) and fewer with diameters below that size [9].

Tuliptree was already the most abundant tree
in the state in 1999 [8]. In coming decades, its
relative abundance should increase even more,
based on the annual rates of change cal culated from
the 1999 inventory. That inventory showed that
annual net change in sawtimber volume on
Maryland timberlands was 155,901 M bd-ftlyr?, of
which 125,707 Mbd-ftlyr* was tuliptree (80.6%).
The percentage is even higher for growing-stock
volume (21,082 M cu-ftiyrout of atotal 24,137
M cu-ftiyr?, or 87.3%) [7].

DISCUSSION

Vulnerability of the Region’s Foreststo
Damage by Weak Storms

Taken together, our results indicate that the
forests of the Mid-Atlantic Piedmont and Blue
Ridge are vulnerable to substantial damage, even
fromweak storms. Hurricane | sabel had diminished
substantially inintensity by thetimeit reached this
region, with maximum wind gusts estimated at only
50.5 mph (22.6 miS?'). Nevertheless, it severely
damaged high percentages of trees at seven forest
sites, ranging up to 28.6%. The percentage for the
Permanent Plot (23.5%) isespecially notable, since
this plot was established five years before the
hurricane and thus was | ocated without the possible
subjective biasin the other samples.

This plot had no true pioneer species, in the
sense of species that dominate the early years of
succession and then disappear asthe canopy closes
(e.g., red cedar - Juniperus virginiana or Virginia
pine - Pinus virginiana). Like many century-old
forest stands in the Mid-Atlantic, however, it was
dominated by fast-growing, shade-intolerant
species (tuliptree and black cherry) that persist for
centuries during succession, but do not successfully
reproducein their own shade. Such species appear
to be particularly vulnerable to damage from wind
storms such as Isabel.

Vulnerability to wind damage was clearly
related to tree DBH in both the Permanent Plot
dataset and the six blowdown-control transects.
Furthermore, dominance of forest stands by
tuliptree and black cherry further increased
vulnerability, compared with oak-hickory stands.
Sincetrendsintheregionindicatethat futureforests
will have larger DBH trees and will be more and
more dominated by tuliptree, vulnerability to
windstormswill only increasein decadesto come.
This prediction is independent of the still-debated
idea that hurricane frequency and intensity will
increase with global warming [11]

These results reinforce the findings of other
researchers studying hurricaneimpactsin the North
Carolinamountains[12, 13, 14, 15]. It isbecoming
increasingly evident that temperate forest
landscapes, as well as tropical ones, can be
significantly impacted by disturbances such as
hurricanes [16].

L ong-term Implications

Over the long term, these results raise
guestions about our current patterns of land usein
the Mid-Atlantic. A major concerninthisregionis
the issue of suburban sprawl, particularly the
tendency to develop subdivisionsin areas of older
forest. This pattern of land use can be expected to
produce increasingly severe problems as
windstorms occur in coming decades, evenif wind
velocitiesarelow. If thefrequency and/or intensity
of future hurricanesincrease dueto globa warming,
ashasbeen predicted [11], it will further accentuate
these difficulties.



Rather than look upon hurricanes such as
Isabel as unforeseeable “acts of God,” it is
reasonable to take their expected impacts into
account in land use planning. These impacts are
relevant to such concerns as:

» The debate about the buria of utility lines,
which reduces the danger of outages due to
trees falling on above-ground lines.

 Caculations of insurance risk based on past
history of storm damage, without accounting
for the effects of changing size and
composition of forests.

» Trends in forest management, including
harvest and land-use policies, which have
tended to decrease the proportion of oaks.

» Thegrowingthreat of invasive exotic species,
perhaps further aggravated by high white-
tailed deer densities [17].

These findings also have implications for
important ecological questions. McNulty [18] has
made the case that because of their substantial
CWD input, “hurricanes are asignificant factor in
reducing short-term carbon storagein U.S. forests.”
His regional analysis showed that hurricanes can
be expected to lower the amount of carbon
sequestered by eastern forests by about 10%. This
study complements McNulty’s findings: CWD
levels after a single weak hurricane that were
comparable to those typical of old-growth forests
[4]. Lowered estimates of carbon sequestration by
forests imply that greenhouse warming may be a
more serious problem than previously thought.

Such major impacts on biomass al so affect the
forest’s role in storing other elements, such as
nitrogen. This storage role is an important link
between the terrestrial ecosystems of the
Chesapeake watershed and the dynamics of the
Bay’saquatic ecosystems. Whilethe data necessary
to estimate release of N or other nutrients from
forestsdueto Isabel arenot currently available, this
link between land and water deserves increased
scrutiny from both terrestrial and aquatic scientists.

Finally, these findings can alter our view of
the role of disturbance in structuring ecological
communities. They indicatethat disturbanceimpact
isafunction not only of the physical characteristics

of the disturbance but also of the community’s
composition, which dependsonitsland use history.
Land use decisions being made today, interacting
with future disturbances similar to Isabel, will
produce the forest landscape of the Mid-Atlantic
in the 21% century.

ACKNOWLEDGMENTS

The authors thank Stronghold, Inc., the
Appalachian National Scenic Trail (NPS), and
SenecaCreek State Park (MD-DNR) for permission
to work at the study sites. This research was
supported by U.S. Forest Service Northeastern
Research Station Research Work Unit 4557, the
National Science Foundation (grant DEB-
0135350), Hood College’s Spring 2004
“Disturbance Ecology” (BIOL 498/ENV 550)
course, and the Globa Ecology Studies Program
of Poolesville High School, Poolesville, Maryland.

The authors especially appreciate the hard
work of Blythe Crawford, Lisa Pascal, Noel
Rupprecht, Tara Burke, Megan Reamer, Sarah
Wikman, Jessica Wolohojian, Reuben Goetzl,
Cindy Huebner, Joe Metzger, Carol Bergmann,
Evelyn Holcomb, Susan Nasr, Wendy Cochran,
Michael Beckley, Heather Thorn, Andrea Poling,
Michael Allred, Hannah McNett, Keith Carvalho,
Patricia Parmley, and Ken Bawer in helping to
collect and analyze the data. Two anonymous
reviewers are also acknowledged for their helpful
suggestions and comments on the manuscript.

REFERENCES

1. E. Slagle and T.E. Buck. 2003. Isabel not so
bad. Frederick News-Post, Sept. 20, p. 1.

2. PJ. Michaels. 2003. A passion that leaves us
powerless. The Washington Post, Sept. 28, p.
Bl

3. NBC-4WeatherNet. 2003. Instaweather. http:/
/instaweather.comVWRC/default.asp?cid=0.

4. M.E. Harmon, J.F. Franklin, F.J. Swanson, P.
Sollins, S.V. Gregory, J.D. Lattin, N.H.
Anderson, S.P. Cline, N.Q. Aumen, J.R. Sedell,
G.W. Lienkaemper, K. Cromack, Jr., and K.W.
Cummins. 1986. Ecology of coarse woody

207



208

10.

11.

debrisintemperate ecosystems. Adv. Ecol. Res.
15: 133-302.

D.C. Lutes. 2002. Assessment of the line
transect method: an examination of the spatial
patterns of down and standing dead wood. U.S.
Forest Service Gen. Tech. Rept. PSW-GTR-
181: 665-674.

M.B. Adams and D.R. Owens. 2001. Specific
gravity of coarsewoody debrisfor some central
Appalachian hardwood forest species. U.S.
Forest Service Northeastern Research Station.
Res. Paper NE-716.

U.S. Forest Service Northeastern Research
Station. 2002. Northeastern Forestry Inventory
andAnalysis— USDA Forest Service. FIA unit.
U.S. Forest Service Northeastern Research
Station. Pub. NE-INF-152-02. www.fs.fed.us/
ne/fia/8

S.W. Koehn. 2001. The Future of Forestry in
Maryland. Powerpoint Presentation, Maryland
State Forester.

NOAA Hurricane Research Division. Atlantic
Oceanography Lab. 2003. Hurricane Isabel.
http://20www.aoml.noaa.gov/hrd/Storm_
pages/isabel 2003/Isabel _swath-3.png.

T.R. Knutson and R.E. Tuleya. 2004. Impact
of CO,-induced warming on simulated
hurricane intensity and precipitation:
Sensitivity to the choice of climate model and
convective parameterization. J. Climate. 17:
3477-3495.

12.

13.

14.

15.

16.

17.

18.

H. McNab, C.H. Greenberg, and E.C. Berg.
2004. Landscape distribution and characteris-
tics of large hurricane-related canopy gapsina
southern Appalachian watershed. For. Ecol.
Mgmt. 196: 435-447.

C.H. Greenberg and W.H. McNab. 1998. For-
est disturbancein hurricane-related downbursts
in the Appalachian Mountains of North Caro-
lina. For. Ecol. Mgmt. 104: 179-191.

B.D. Clinton and C.R. Baker. 2000. Cata-
strophic windthrow in the southern
Appalachians: Characteristics of pits and
mounds and initial vegetation responses. For.
Ecol. Mgnmt. 126: 51-60.

K.J. Elliott, S.L. Hitchcock, and L. Krueger.
Vegetation response to large-scal e disturbance
in a southern Appalachian forest: Hurricane
Opal and salvage logging. J. Torrey Bot. Soc.
129: 48-59.

E.R. Boosg, D.R. Foster, and M. Fluet. 1994,
Hurricane impacts to temperate and tropical
forest landscapes. Ecol. Monogr. 64: 369-400.
J. Snitzer, D.H. Boucher, and K.L. Kyde. 2005.
Response of exotic invasive plant species to
forest damage caused by Hurricane Isabel. In:
Hurricane Isabel in Perspective. K.G. Sellner
(ed.). Chesapeake Research Consortium, CRC
Publication 05-160, Edgewater, MD. pp. 209—
214.

S.G. McNulty. 2001. Hurricaneimpactson U.S.
forest carbon sequestration. Environ. Pollution
116: S17-S24.



