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1. INTRODUCTION

Forests are the dominant land cover of the Mid-
Atlantic Region (MAR), accounting for about 65% of
total land area (US EPA 1997). As such, they shape the
landscape and provide numerous ecological, economic,
aesthetic, hydrologic and recreational benefits to this
highly populated region. As part of the Mid-Atlantic
Regional Assessment (MARA) we are examining the
impacts of climate variability—in particular, severe
weather events—and potential future climate change
on the region’s forests. We distinguish 2 types of cli-
mate impacts (1) the long-term impacts of changing
temperature and precipitation regimes on the growth
and development of trees, including changes in spe-
cies composition, and (2) shorter-term impacts of
extreme weather events which can cause direct dam-
age to trees and modifications to forest land manage-

ment practices. In order to address the long-term
impacts of climate change, we applied statistical mod-
els developed as part of a previous study (Iverson &
Prasad 1998) to predict potential changes in species
composition in Mid-Atlantic forests using projections
of climate change from 5 different general circulation
models (GCMs). A survey of the current impacts of
severe weather on forest land management in the
MAR was used to gain insight into the importance of
severe weather now, and how any future changes in
severe weather would likely affect forests and forest
land management. After providing some background
information on forests of the region, this paper focuses
on these 2 components of the study.

2. CURRENT STATUS OF MID-ATLANTIC FORESTS

Forests in the MAR support a rich mix of tree species,
from the pine and coastal wetland regions in the south
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to the northern upland hardwoods. In terms of current
volumes of growing stock, dominant hardwood species
are red oaks, white oak, yellow-poplar, red maple,
sugar maple, black cherry, beech and sweetgum. Soft-
wood forests are dominated by loblolly, shortleaf and
white pines, and hemlock (Powell et al. 1994). Many
other species are locally abundant. The region’s domi-
nant forest types are oak-hickory (46% of forested area)
and maple-beech-birch (37% of area), followed by pine
and mixed pine-hardwood forests (8% of area) (Fig. 1).

Forests in the region were extensively cut for wood
products in the early 1900s. Active management and
protection from fire since then has resulted in second-
growth forests that are rapidly approaching maturity.
Recent survey data indicate that forest area in the Mid-
Atlantic states has been relatively stable over the past
30 yr, decreasing very slowly by about 1% decade–1

(Powell et al. 1994). Although forested area has
changed little over this period, total standing biomass
has increased due to an increase in biomass per unit
area. Net volume of hardwood growing stock is
steadily increasing, although growth rates are slowing
as the forests approach maturity. Softwood growing
stock volumes have leveled off somewhat and are
expanding only very slowly. The ratio of net growth
(growth minus mortality) to removals is 2.2 for hard-
woods and 1.3 for softwoods (Powell et al. 1994).

Forests provide important market and non-market
benefits to the MAR. The region’s primary forest prod-
ucts are sawlogs, pulpwood, fuelwood, and veneer logs
(Powell et al. 1994). Although forest-related sectors
represent only 2.5% of the region’s total gross eco-
nomic output, this small percentage understates the
role of these sectors in the economy (Rose et al. 2000, in
this issue). First, these sectors stimulate additional pro-
duction and employment in supplier and customer
sectors. Second, forests provide a base for hunting,
camping, hiking, birdwatching and fishing, which con-
tribute to the service and other sectors of the economy.
Economically, forest-related sectors are highly inter-
dependent both within the region and with the rest of
the US (Rose et al. 2000). Mid-Atlantic forests are also
highly valued for the non-market benefits they pro-
vide, including watershed and riparian buffers,
wildlife habitat, enhanced biodiversity, carbon seques-
tration, and aesthetic appeal.

Forests in the MAR are currently stressed by natural
and anthropogenic factors: disease and insects (espe-
cially the gypsy moth), deer browsing, atmospheric
pollution (deposition of acidic compounds and high
ground levels of ozone), and, occasionally, wildfire.
Increased urban/suburban development contributes to
increased fragmentation of forest tracts, reducing the
ability of plants and animals to survive and migrate.

3. POTENTIAL EFFECTS OF FUTURE CLIMATE
CHANGE ON FORESTS

3.1. A brief overview of key impacts

Climate change can affect Mid-Atlantic forests both
directly and indirectly. Higher temperatures and an
altered precipitation regime will directly affect tree
growth and survival. Increased concentrations of atmo-
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Fig. 1. Distribution of major
forest types in the Mid-At-
lantic Region. (Based upon
Forest Inventory and Analy-
sis [FIA] data collected by
USDA, Forest Service and
compiled by Iverson et al. 

[1996])
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spheric CO2 may cause enhanced growth and greater
efficiency of water use, though it is uncertain whether
these effects will persist under field conditions (Bazzaz
1990, Eamus 1996). Forests may be indirectly impacted
by factors that are themselves affected by changes in
climate and atmospheric constituents, such as the dis-
tribution and abundance of pests, fire frequency, and
climate-sensitive soil processes such as erosion and
decomposition (IPCC 1996). For example, pest species
may expand their distributions northward and produce
more generations annually if temperatures increase
(IPCC 1996). Fires may become more frequent if con-
ditions become dryer. Decomposition of soil organic
matter will be enhanced with warmer temperatures,
increasing nutrient availability (Melillo et al. 1993).
The net effect of these direct and indirect impacts is
difficult to predict, and will likely vary among species.
This may alter competitive interactions and lead to
shifts in species composition (Bazzaz et al. 1990).
Impacts will be more severe if species are limited in
their ability to migrate to a more climatically suitable
habitat (Pitelka and the Plant Migration Workshop
Group 1997, Soloman & Kirilenko 1997).

Potential changes in the frequency of extreme
weather events may also impact forests (Auclair et al.
1996), though relatively little attention has been given
to these short-term phenomena in studies of climate
change. The ways in which climate change may alter
extreme events are very poorly understood, though
evidence suggests that ‘storminess’ will increase in the
MAR with greenhouse warming (Fisher et al. 1999).
These short-term and spatially variable events are dif-
ficult to incorporate using traditional forest modeling
approaches.

There have been a variety of prior efforts to assess
the impacts of long-term climate change on forested
ecosystems, though none have focused on the MAR in
particular. Models—both empirical and mechanistic,
static and dynamic, and at global to local scales—have
been used to predict changes that might occur in the
species composition and/or productivity of forests in
response to climate change; some of these include the
direct effects of CO2. Significant uncertainties are
associated with these models, and with the GCM-
based climate change scenarios that are typically used
to drive them (IPCC 1998). Below we give a brief
overview of some prior studies that have examined
changes in species composition and/or forest produc-
tivity and include the MAR.

VEMAP (Vegetation/Ecosystem Modeling and Ana-
lysis Project) Phase 1 (VEMAP members 1995) com-
pared the results of 3 biogeochemical models and 3
biogeographical models under a range of GCM-based
climate change scenarios for the conterminous US.
Under a 2 × CO2 climate and including the direct

effects of a doubled CO2 atmosphere, the 3 biogeogra-
phy models show warm-temperate mixed forest/ever-
green forest moving northward (extent varies by GCM
scenario), displacing temperate deciduous forest in the
southern part of the MAR. Cool-temperate mixed for-
est disappears completely from the region. One of the
models shows that some areas in western Virginia and
central Pennsylvania become too dry to support forest
and are converted to savanna-type vegetation. With-
out the direct effects of CO2, results are similar for 2 of
the 3 models. The third predicts that savanna will
replace much of the forested area in the MAR, espe-
cially under the warmer climate scenarios. When the 3
biogeochemical models were run with input from the
biogeography models, there was considerable varia-
tion in net primary productivity (NPP) estimates among
models and among GCM scenarios, although the net
change in annual NPP appears to be positive for the
MAR in all cases.

Forest succession (or ‘gap’) models have been ap-
plied to simulate transient changes in forest composi-
tion and biomass on representative plots (e.g., Solo-
man 1986, Pastor & Post 1988, Shugart & Smith 1996).
Although few of these studies have included sites in
the MAR, simulations for eastern deciduous forest
have shown that tree species are affected differ-
entially by climate change. These differential effects
can cause shifts in species composition and/or forest
dieback if species migrations are delayed (Soloman
& Kirilenko 1997). Early studies using gap models
and relatively severe climate scenarios indicated the
potential for extensive dieback of eastern forests (e.g.,
Soloman 1986, Pastor & Post 1988). More recent
results with improved forest and climate models have
suggested that the earlier estimates may be too
extreme (IPCC 1998). For the most part, these models
do not include the potential direct effects of CO2

(Shugart & Smith 1996).
Studies using a regional forest ecosystem model to

estimate climate change impacts on NPP have sug-
gested that forests in the northeastern US might in-
crease in biomass (Aber et al. 1995), while south-
eastern forests could experience dieback (McNulty et
al. 1996). However the northeastern study included the
direct effects of CO2 while the southeastern one did
not. This approach does not consider possible shifts in
species’ distributions.

3.2. Our modeling approach

None of these prior assessments focused on the MAR
in particular nor did they include regional estimates of
species-specific changes. To fill this gap, we expanded
upon a previous study of trees in the eastern US (Iver-
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son & Prasad 1998) and applied our approach to the
MAR using 5 GCM scenarios. The modeling approach
uses a statistical procedure to relate current environ-
mental conditions to current tree species’ abundance
at the county level, and then projects potential future
abundance based on potential future climatic condi-
tions. A statistical approach is justified based on the
observation that environmental factors, modified by
disturbance and competitive processes, generally con-
trol the overall range and abundance of tree species
(Woodward 1987).

USDA Forest Service Forest Inventory and Analysis
(FIA) data for over 100 000 plots in the eastern US
(Hansen et al. 1992) provided tree species range and
abundance information. The data were summarized
for individual forest plots to create general importance
values (IV) for each species:

where BA = basal area and NS = number of stems. In
single-species stands, the IV could thus reach the max-
imum of 200. The plots were averaged for each county
to yield that county’s IV score. Only those species that
were found in at least 100 counties were modeled.
Further details are given in Iverson et al. (1996).

Values of 33 environmental variables were obtained
for each county in the US east of 100° W. Climate data—
monthly means of precipitation, temperature, and po-
tential evapotranspiration (PET)—were obtained for
current conditions, and from the output of 5 GCMs as
specified below. These climate data were used to gen-
erate annual means of temperature and precipitation,
mean monthly values of PET, and 2 derived attributes of
physiological importance to tree growth for this region:
July-August (the time most prone to drought stress) ratio
of precipitation to potential evapotranspiration (JARP-
PET), and May to September (i.e., growing season) mean
temperature (MAYSEPT). Additional environmental
variables used in the models include 18 soil factors, 4
land use/cover variables, 3 elevation variables, and a
measure of landscape fragmentation. Details and data
sources for the environmental variables can be found in
Iverson & Prasad (1998).

Climate scenarios from 5 GCMs, based on equilib-
rium conditions and a doubling of CO2, were used to
evaluate possible future species distributions: (1) the
Geophysical Fluid Dynamics Laboratory (GFDL) model
(Wetherald & Manabe 1988); (2) the Goddard Institute
of Space Studies (GISS) model (Hansen et al. 1988);
(3) the Hadley Center for Climate Prediction and
Research (Hadley) model (Mitchell et al. 1995); (4) the
United Kingdom Meteorological Office (UKMO) model
(Wilson & Mitchell 1987); and (5) the Canadian Cli-
mate Center (CCC) model (Laprise et al. 1998). Cur-

rent climate, GFDL, and GISS data were obtained in
10 × 10 km format (US EPA 1993). Hadley, CCC, and
UKMO data were obtained from the USDA Forest Ser-
vice Laboratory in Corvallis, Oregon in 0.5 × 0.5° for-
mat (R. Neilson & R. Drapek pers. comm.).1

These 5 scenarios give a range of possible out-
comes in equilibrium climate at 2 × CO2 for the MAR
(Table 1).2 The Hadley scenario has the least severe
change in temperature, both on a mean annual basis
(+2.6°C) and for July and January. The UKMO model
predicts the most extreme change in mean annual and
January temperature (+7.9 and +8.9°C, respectively),
while July temperatures are highest under the GFDL
scenario (+8.4°C). Precipitation shows little change
under the GISS, GFDL and CCC scenarios, while the
Hadley model calls for a 26% increase in precipitation,
and the UKMO model for a 15% increase. Conditions
become much dryer relative to current conditions
under all scenarios during the warmest months, as evi-
denced by the reduction in the ratio of July-August
precipitation to PET from the current condition of
JARPPET = 1.34.

Individual tree species models were generated using
DISTRIB, a statistical model predicting the distribution
and importance value of most of the common tree spe-
cies in the Eastern United States (Iverson & Prasad 1998).
DISTRIB uses regression tree analysis (RTA) to capture
spatial variation in the environmental variables that de-
termine species’ importance. RTA uses a recursive par-
titioning approach to first split a data set using a single
variable. It then splits the remaining data into increas-
ingly smaller, homogeneous subsets until a termination
is reached (Clark & Pregibon 1992). The variables that
operate at larger scales (e.g., many climate variables)
usually split the data early in the model, while variables
that influence the response variable at more local scales

  
IV

BA
BA all species

NS
NS all species

( )
( )

( )
( )

( )
x

x x= +100 100
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1Importantly, the latter 3 data sets had relatively high PET
values as compared to the first 3 data sets (Table 1), because
the method of PET computation differed between the 2
sources of data (R. Neilson pers. comm.). This inconsistency
could potentially affect our results for the Hadley, CCC, and
UKMO models for the species that use the variables PET
or JARPPET in their models (these species are labeled in
Table 3). However, we believe the impact is minimal be-
cause, in most of the models, the PET-related variable comes
out low in the binary regression tree and, even for the 8 spe-
cies where the PET variable comes out high in the regression
tree, there appears to be consistency across the 5 GCM sce-
narios (see Table 3)

2For comparison with the transient GCM scenarios used in
other portions of the MARA study, if greenhouse gases in-
crease at a rate of 1% yr–1—as assumed in developing the
transient climate scenarios—a doubling will occur in 71 yr, or
by Year 2064. Equilibrium (e.g., 2 × CO2) GCM scenarios
tend to predict larger temperature increases than transient
scenarios at an equivalent CO2 level, due to the thermal
inertia of oceans and other factors (Kattenberg et al. 1996)
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operate closer to the terminal nodes of the regression
tree (Michaelsen et al. 1994). Further details on model
development and validation can be found in Iverson &
Prasad (1998). Species’ maps and data on environmental
relationships are available in an atlas (Iverson et al.
1999a) and on the web (Prasad & Iverson 1999). Models
for 75 tree species in the MAR were used in our analysis.

To predict potential future suitable
habitat for each species, the predictive
models were applied, substituting val-
ues of current climate with those com-
puted from each of the 5 GCM scenar-
ios. (Climate variables in the models are
those shown in Table 1.) The output
obtained was the average importance
value for each species, for each county,
and for each GCM scenario. These val-
ues were used to calculate a ∑ IV × area
score (hereafter, IV × area score) for
each species and GCM scenario, calcu-
lated as the sum of the IV × county area
for each county in which the species
was present (i.e., IV above a minimum
level of 3.0). We converted these data
outcomes to estimates of potential
change from current conditions.

Using these predicted importance val-
ues, forest type maps were constructed
for current conditions and for each
GCM scenario, based on rules devel-
oped to sum IVs for key species associ-
ated with particular forest types. Spe-
cies were assigned to a forest type
based on the USDA Forest Service
classification according to Hansen et
al. (1992), as shown in Table 2. Each
county was scored for each forest type,

and assigned to the type receiving
the highest score. Seven forest types
are presently recorded from the MAR
(see Fig. 1).

The methods used here assume that
species will be able to colonize all suit-
able sites. Time lags in species’ migra-
tion are not accounted for, nor are com-
petitive interactions among species.
Since the models are not physiologi-
cally based, they cannot account for
enhanced growth or gains in water use
efficiency with increased CO2. Neither
can the models address potential chan-
ges in other aspects of forest dynamics,
such as silviculture, insects and dis-
ease, invasion of exotics, or land use
change.

3.3. Potential changes in species’ importance 
and forest type

The IV × area score incorporates the effect of chang-
ing importance and area simultaneously, and thus may
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Table 1. Change from current climate conditions as predicted by 5 GCMs
(2 × CO2 equilibrium runs) for each climate variable in the Iverson-Prasad tree
models (area-weighted averages for the MAR); actual value is shown for JARP-
PET. For reference, values for current climate are shown in last row of the table.
AVGT: mean annual temperature (°C); JANT: mean January temperature (°C);
JULT: mean July temperature (°C); PPT: mnnual precipitation (mm); PET: po-
tential evapotranspiration (mm/mo); MAYSEPT: mean May-September tem-

perature (°C); JARPPET: July-August ratio of precipitation to PET

JANT JULT AVGT MAYSEPT PPT PET JARPPET
(°C) (°C) (°C) (°C) (%) (%)

GISS +4.7 +3.7 +4.2 +3.9 +4 +67 1.06
GFDL +5.5 +8.4 +5.5 +6.0 –3 +125 0.25
Hadley +1.8 +2.6 +2.6 +2.6 +26 +201 0.57
UKMO +8.9 +6.6 +7.9 +7.0 +15 +347 0.34
CCC +5.0 +4.7 +5.4 +5.1 +3 +253 0.29

Current –2.0°C 21.8°C 10.3°C 18.9°C 1072 mm 54 mm 1.34

Table 2. Classification scheme used for assigning tree species to a forest type 
(follows Hansen et al. 1992)

Forest type Component species

Longleaf/slash pine Slash pine, longleaf pine

Loblolly/shortleaf Shortleaf pine, loblolly pine, Virginia pine

Oak/pinea Eastern white pine, shortleaf pine, Virginia pine,
northern red oak, southern red oak, loblolly pine,
water oak, willow oak, post oak, scarlet oak

Oak/hickory Hickory, bitternut hickory, pignut hickory, shag-
bark hickory, mockernut hickory, white oak,
scarlet oak, chestnut oak, northern red oak, post
oak, black oak, sweetgum, tulip tree

Oak/gum/cypress Swamp red oak, willow oak, sweetgum, American
elm, baldcypress, pond cypress, red maple, water
tupelo, swamp tupelo

Elm/ash/cottonwood Red maple, American elm, black ash, white ash,
sycamore, eastern cottonwood, willow, black
willow

Maple/beech/birch Red maple, sugar maple, American beech, yellow
birch, black cherry, black walnut

aAn additional rule set was needed for the oak/pine forest type, because it
was the sum of many major oaks and pines, yet the class was intended for
counties with mixtures of at least 50% oak and 25 to 50% pine species
(Merz 1978). For this, if the above algorithm determined the class to be
oak/pine, the following statements were applied: (1) if the loblolly/shortleaf
class was greater than the oak/hickory class 6, the county was reclassified
to loblolly/shortleaf, because the pine component is >50%; (2) if the oak/
hickory class was greater than twice that of the loblolly/shortleaf class, the
county was reclassified to oak/hickory, because there was likely less than a
25% pine component; (3) if neither of the above applied, the county re-
mained classed as oak/pine
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be the best metric of potential change for species.
Table 3 shows the percent change in the IV × area
score for 42 of the most important species in the MAR,
ranked according to the average (across all 5 GCMs)
percent change. The species shown here are ones
whose current or future IV × area score (average across
GCMs) exceeds an arbitrary threshold. The current IV
× area scores, based on FIA data, are also presented to

allow better interpretation of the data, since some of
the species that undergo potentially large percentage
changes are currently uncommon.

There is general agreement among GCMs in the
direction of change and, in many cases, the magnitude
of change in IV × area scores (Table 3). If the absolute
values of the predicted changes are summed by GCM,
the Hadley and GISS scenarios cause the least amount
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Table 3. Current IV × area score (computed from Forest Inventory and Analysis [FIA] data), percent change in the IV × area
score under each of 5 GCM scenarios, and average percent change in the IV × area score across GCM scenarios for the 42 most 

important (current or future IV × area score above an arbitrary cut-off value) tree species in the MAR

Species Common name Current IV × Percent change in IV × area score
area score GISS GFDL Hadley CCC UKMO Average

(× 106) GCM

Populus tremuloides Quaking aspen 0.50 –100 –100 –96 –100 –100 –99
Acer saccharumb Sugar maple 4.18 –95 –100 –100 –100 –100 –99
Betula alleghaniensis Yellow birch 0.52 –92 –100 –86 –100 –100 –96
Fagus grandifolia b American beech 3.15 –84 –84 –84 –84 –84 –84
Crataegus sp.a Hawthorn 1.05 –77 –78 –83 –78 –78 –79
Prunus serotina b Black cherry 3.84 –77 –78 –78 –78 –78 –77
Acer rubrum Red maple 10.40 –50 –82 –85 –82 –84 –77
Acer pensylvanicum Striped maple 0.65 –73 –78 –39 –72 –79 –68
Tsuga canadensis Eastern hemlock 1.36 –65 –65 –57 –65 –65 –63
Fraxinus americana White ash 2.88 –62 –80 –13 –61 –97 –63
Pinus strobusa Eastern white pine 1.37 –61 –68 –42 –63 –68 –60
Quercus rubra Northern red oak 2.89 –48 –62 –26 –59 –95 –58
Pinus virginianaa Virginia pine 1.69 –10 –89 –39 –39 –80 –51
Juglans nigra Black walnut 0.47 –49 –57 –19 –46 –62 –46
Sassafras albiduma Sassafras 1.49 –41 –51 –35 –44 –59 –46
Ilex opaca American holly 0.64 –47 –49 –23 –47 –48 –43
Betula lenta Sweet birch 1.53 –53 –53 –15 –51 –42 –43
Robinia psuedoacacia Black locust 1.01 –38 –49 –26 –49 –52 –43
Ostrya virginianaa E. hophornbeam 0.65 –53 –59 –5 –49 –33 –40
Quercus coccinea Scarlet oak 1.19 –0 –65 0 –32 –57 –31
Fraxinus sp. Ash 0.48 –29 –0 –40 1 –21 –18
Liriodendron tulipiferaa Yellow-poplar 3.15 –18 –24 –15 –15 –15 –17
Quercus prinus Chestnut oak 3.60 –3 5 –24 –12 –24 –12
Carpinus carolinianaa American hornbeam 0.81 4 15 –4 9 10 7
Nyssa sylvatica Black tupelo 1.89 8 –14 42 –8 19 9
Ulmus sp.a Elm 0.59 10 10 10 10 10 10
Oxydendrum arboreum Sourwood 0.78 48 40 –28 55 58 34
Carya sp.a Hickory 2.36 32 41 14 41 46 35
Cornus florida Flowering dogwood 2.20 47 53 24 50 51 45
Quercus alba b White oak 3.50 25 72 98 64 6 53
Nyssa biflora Swamp tupelo 0.38 68 70 21 56 68 57
Liquidambar styraciflua Sweetgum 2.10 63 79 10 69 91 63
Quercus velutina a Black oak 1.59 53 122 207 101 –55 86
Pinus echinata Shortleaf pine 0.37 156 159 130 160 166 154
Pinus taeda Loblolly pine 3.05 138 219 20 185 324 177
Quercus falcata var. falcata Southern red oak 0.44 176 251 47 229 436 228
Diospyros virginianaa Persimmon 0.15 247 407 247 406 488 359
Quercus nigra Water oak 0.19 862 1161 336 1053 1551 992
Quercus muehlenbergii Chinkapin oak 0.08 1281 2439 770 2403 3359 2051
Quercus stellata b Post oak 0.18 418 4329 2965 4412 4427 3310
Quercus laurifolia Laurel oak 0.05 4107 4623 899 3316 14881 5565
Carya tomentosa b Mockernut hickory 0.05 2289 7412 7412 7412 7412 6388

aSpecies used PET or JARPPET in the regression tree model
bSpecies used PET or JARPPET early in the regression tree model
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of change in tree species importance values, while
the UKMO, GFDL and CCC scenarios cause larger
changes. (This is true even if some of the largest per-
cent changes are excluded from the computation.) This
is in general agreement with the relative magnitude
of the climate changes shown in Table 1. For some
species, IV × area scores are remarkably similar across
GCM scenarios. In these cases, climate variables ap-
pear early in the RTA models to distinguish coarsely
between suitable and unsuitable habitat. The RTA
technique forces continuous data to follow 1 of 2 dis-
crete branches. Relatively small variations in future
climate among scenarios do not always mean they will
follow different branches.

Of the species that are of economic significance to
the region, most could see significant changes in IV.
Species that could be enhanced (with their potential
percentage change) include Pinus palustris (longleaf
pine, +2893%), P. taeda (loblolly pine, +177%), P.
echinata (shortleaf pine, +154%), and Quercus alba
(white oak, +53%). Important species subject to re-
duction include Acer saccharum (sugar maple, –99%),
Prunus serotina (black cherry, –77%), Q. rubra (North-
ern red oak, –58%), and Liriodendron tulipifera (tulip-
tree, –17%) (Table 3). These changes could signifi-
cantly alter the economic and aesthetic resources of
the region.

Of the total 75 tree species that were considered
from the MAR, 37 species could be reduced in overall
importance under climate change. Of these, 20 species
could be reduced by at least 50% and 8 could be
reduced by at least 90%. On the other hand, 33 species
could be enhanced, with 22 increasing at least 50%
including 15 species that could at least double in
importance. Seven species could increase by more
than 20-fold.

Many of the species showing a large percentage
increase in their IV × area score (e.g., Carya tomen-
tosa [mockernut hickory, +6388%], Quercus laurifolia
[laurel oak, +5565%]) are currently uncommon in the
MAR (see current IV × area score in Table 3). Percent-
ages alone can therefore be misleading if not inter-
preted in conjunction with the current status of the
species. Species potentially undergoing the largest
absolute increases in IV × area score include Q. stel-
lata, Pinus taeda, Ulmus alata, Q. falcata var. falcata,
P. palustris, and P. ellotti. These species currently tend
to thrive in warmer climates, and their predicted
increase in importance represents a potential north-
ward migration. Species potentially undergoing large
absolute decreases in IV × area score are more repre-
sentative of species preferring cooler, moister habi-
tats, and include Acer rubrum, A. saccharum, Prunus
serotina, Fraxinus americana, Q. rubra, and Fagus
grandifolia.

Forest type maps for each of the climate scenarios
(Fig. 2) suggest that dramatic changes could occur fol-
lowing climate change. The potential large increases
in 3 species of pine—Pinus echinata, P. taeda, and P.
palustris—greatly influence the potential forest type
outcomes by enhancing the longleaf-slash pine, lob-
lolly-shortleaf pine, and oak-pine types under most
GCM scenarios. Compared to today, large increases
could also occur within the oak-hickory type (and the
oak-pine type) as 10 species of oak could increase by at
least 50% (Table 3).

On the other hand, 2 forest types could be severely
reduced or eliminated following climate change: elm-
ash-cottonwood and maple-beech-birch (Fig. 2). Though
most individual tree species from these forest types
would remain, their importance could be greatly
diminished relative to the pines and oaks. For exam-
ple, the primary elements (and their potential changes
from Table 3) in the maple/beech/birch type are Acer
rubrum (–77%), A. saccharum (–99%), Fagus grandi-
folia (–84%), Betula alleghaniensis (yellow birch,
–96%), Prunus serotina (–77%), and Juglans nigra
(black walnut, –46%).

The GCM scenarios with the most severe tempera-
ture change (UKMO, GFDL, CCC) show the oak-
pine forest type advancing farther to the north and
east than the 2 more benign climate scenarios
(Hadley and GISS) (Fig. 2). The intrusion of the oak-
pine type is most pronounced for UKMO—the cli-
mate scenario with the highest temperatures during
the growing season and on a mean annual basis.
Small areas of maple-beech-birch and elm-ash-cot-
tonwood forest remain under the GISS scenario only,
most likely a reflection of the fact that one of the
constituent species of both of these forest types, Acer
rubrum (Table 3), is less severely affected by the
GISS scenario. Loblolly-shortleaf pine forest is most
abundant under the GISS scenario. In this case, the
oak species generally show proportionately less
increase as compared to the other GCM scenarios,
and pines more often dominate in a particular
county.

4. IMPACTS OF EXTREME WEATHER EVENTS
ON FOREST LAND MANAGEMENT

4.1. Survey purpose and methodology

Most past research has focused on the long-term
impacts of changing temperature and precipitation
regimes on forests based on GCM predictions ex-
pressed as mean monthly or annual values (e.g.,
VEMAP members 1995, McNulty et al. 1996, Shugart
& Smith 1996). Much less attention has been given
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Fig. 2. Dominant forest types for cur-
rent climate, and potential forest
type distribution for CCC, GFDL,
GISS, Hadley, and UKMO 2 × CO2

equilibrium scenarios
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to how climate change will affect the frequency and
intensity of extreme events and how these changes
will, in turn, affect forest land management. Examin-
ing the impacts of current climate variations can pro-
vide insight into the types of climatic events that are
most problematic in the MAR now, and help us to
anticipate the impacts of future climate change.

Because little specific information was available on
how climate variability currently affects forestry activ-
ities in the MAR, we developed, pre-tested, and
revised a questionnaire to investigate how extreme
weather affects day-to-day forestry operations. The
questionnaire targeted government agencies (federal
and state), private firms (consulting foresters, loggers,
and industrial foresters), and urban and municipal
foresters within the MAR. The questions were de-
signed to obtain information about effects of extreme
weather on specific aspects of forestry operations,
coping mechanisms currently being employed or con-
templated, and effects on costs of operation and in-
come. The results presented here focus on the impacts
of various types of severe weather events, and differ-
ences in weather impacts between upland hardwood
versus Southern pine forestry operations. We then
relate these impacts to projections of potential shifts
in species composition due to long-term changes in
climate.

Questionnaires were sent to government and private
forestry offices/agencies/firms in the MAR based upon
lists compiled from contacts with management agen-
cies in each state. All government and large industrial
forestry offices/agencies/firms identified were sent
questionnaires. To make the sample size more man-
ageable (yet still yield useful data), questionnaires also
were mailed to a random sample of the loggers, saw-
mill operators and consulting foresters in the region. A
preliminary survey of 30 firms was used to help deter-
mine the size of the random sample needed and to
improve the questionnaire.

A total of 592 surveys were mailed in late November
1998 followed by a second mailing to non-respondents
in January 1999. A total of 322 surveys were returned,
yielding an overall response rate of 57% after correc-
tion for erroneous addresses. Most respondents repre-
sented private forestry firms (159 consulting foresters,
logging companies, and industrial foresters) or public
forestry agencies (114 state and federal agencies/
offices). Of the total respondents, 66% operate in the
hardwood forest types, while 22% operate only within
the Southern pine types. Chi-squared tests using 
2-way classifications and an α = 0.05 (Noether 1991)
were used to test for significant differences in the dis-
tributions of responses (1 = no impact to 5 = major
impact) for upland hardwoods versus Southern pine
groups.

4.2. Survey results

Overall, extreme weather events have had a low to
moderate impact on forestry activities in the MAR over
the past 10 yr (Fig. 3). Respondents rated events with
heavy rainfall, ice storms and high winds as causing
the most problems over the past decade. Over 20%
of the respondents ranked these 3 types of severe
weather events as having a major impact (rank = 5) on
their operations. This is consistent with the occurrence
of major hurricane/tropical depression events (Hugo,
Bertha, and Fran) and associated high winds and
heavy rain in the southern portion of the region over
the past 10 yr, and a major ice storm in the northern
portion of the region in 1998 (USDA Forest Service
1998). Lesser impacts were associated with low rain-
fall, heavy snow, and periods with extreme high and
low temperatures, but all types of events showed mean
impacts well above zero (mean rank >2).

The impacts of severe weather on forest land man-
agement were generally similar for Southern pine and
hardwood regions (Fig. 3), with one exception. Heavy
snows—which are quite uncommon in the southern
part of the region—were obviously not as great a prob-
lem for the Southern pine operations. Other differ-
ences between hardwood and Southern pine opera-
tions were not statistically significant. Despite the fact
that hurricane or tropical depression impacts are more
likely in the Southern pine areas, high winds were rated
similarly for both hardwood and pine operations. Major
impacts of each type of severe weather on forest land
management related strongly to effects on accessibility
to forest land, direct damage to trees, and increased
problems with insects, disease and fire (Table 4). The
rankings of the types of impacts were remarkably con-
sistent between the hardwood and Southern pine
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regions, again except for obvious differences related to
geography and snow.

Climate change is expected to increase severe
weather occurrences in the MAR, but the specific
nature and magnitude of these changes are difficult to
predict at this time. Based upon predicted precipitation
variations, ‘storminess’ is expected to increase by 48 to
64% by 2095 in the MAR, but the reliability of this pre-
diction is considered to be low (Fisher et al. 1999). Sev-
eral other studies have suggested that climate change
will lead to increased frequency of extreme events
(Noda & Tokiola 1989, Mitchell & Ingram 1990,
Changnon & Changnon 1992, Karl et al. 1995), but
again the certainty of the predictions is quite low and
not specific to the MAR. By 2095, based on transient
runs of 2 GCMs, the region’s air temperatures are
predicted to increase by 2.7 to 5.6°C and precipitation
is expected to increase by about 6 to 24% (Fisher et al.
1999). Such warming suggests that heavy snowfall
events will decrease in the MAR, and that the geo-
graphic distribution of ice storms may migrate north-
ward. Increased storminess would likely generate
more high rainfall and high wind events. The impact of
climate change on the occurrence of hurricanes, which
can have major impacts on forestry in the MAR, is very
poorly understood (Walsh & Pittock 1998).

The types of impacts experienced currently by forest
land managers in the MAR, coupled with the expected
changes in climate, can be used to make preliminary
estimates of climate change impacts on forestry opera-
tions. Increased air temperatures suggest that the fre-
quency of limited access due to deep snow and tree
damage due to severe icing events would decrease in
the region. However, increases in rainfall and stormi-
ness suggest greater problems with forest land access
due to mud and flooding and increased maintenance
costs. General increases in storminess could also in-
crease direct wind damage to forests and create re-
lated problems with periodic variations in market
prices for timber products (Quine et al. 1995). Higher
temperatures combined with low rainfall would cause
more frequent drought conditions, which may lead to
more problems with insects, disease and fire in the

region than currently experienced. The similarity of
responses from Southern pine and hardwood sectors of
the MAR suggests that changes in species distributions
due to climate change would not alone lead to major
changes in the importance of severe weather. One pos-
sible exception is that expansion of Southern pine
species in the region would likely increase problems
associated with direct wind and ice damage to trees
due to persistent foliage.

Overall, given that extreme weather is currently
having only a low to moderate impact on forest land
management in the region, the net effect of future
changes in extreme weather is likely to be modest, on
average. However, impacts are likely to vary spatially,
so that some areas may be severely impacted while
others escape harm. Since climate change may affect
the magnitude, periodicity, duration and co-occurrence
of extreme events, our ability to extrapolate from past
experience is somewhat limited. Results will also be
influenced by the extent to which the last decade pro-
vides a representative sample of extreme weather
events. In spite of these limitations, the survey ap-
proach has provided a means of making a relatively
rapid assessment of the impacts of extreme weather
events, based on past experience, that can be used to
provide insight into possible future impacts.

5. SUMMARY AND CONCLUSIONS

We have examined the impacts of climate on Mid-
Atlantic forests from 2 different perspectives. First,
from an ecological perspective, we looked at the
potential impacts of future climate change on potential
tree species’ distribution and importance using statisti-
cal models that relate tree species distributions to envi-
ronmental variables, including climate. The tree mod-
eling suggests a great potential for redistribution of
tree species in the MAR as a result of climate change.
Most prominent are the potentially very large in-
creases in several species of oak and pine, resulting in
a dominance of the forest types containing these spe-
cies. These species tend to be better adapted to the
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Table 4. Major forestry problems caused by various types of severe weather in the MAR over the past decade

Weather type Highest ranked impact Second-highest ranked impact

High winds Direct damage to trees Creation of an unsafe work environment
High rainfall Limited access due to flooding and muddy Increased maintenance costs for roads, yards,

conditions landings
Low rainfall Improved access Tree mortality
Heavy snow and ice Direct damage to trees by ice and snow loading Limited access due to deep snow
Extreme temperatures Increased insect and disease problems Tree mortality or increased fires
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hotter and dryer conditions projected by the GCM sce-
narios. On the other hand, the forest species and types
that are better suited to moist conditions could poten-
tially suffer severe reductions. For example, the elm-
ash-cottonwood and maple-beech-birch types could
eventually lose their prominence in the region. These
results are broadly consistent with those of the VEMAP
study (VEMAP members 1995), where results gener-
ally show warm-temperate mixed forest/evergreen
forest moving northward, displacing temperate decid-
uous forest in the southern part of the MAR, and cool-
temperate mixed forest (such as maple-beech-birch)
disappearing completely from the region.

Further research is needed to determine the extent
to which the potential changes in distribution pre-
dicted here will be realized. This will be influenced by
species’ ability to migrate through a fragmented habi-
tat. Work in this area is underway (Iverson et al.
1999b). Other factors that warrant further investigation
are the potential secondary impacts of climate change,
such as the increased incidence of insects, disease and
fire—factors that were identified as important by our
survey respondents. Current MARA research is ad-
dressing some of these secondary impacts.

Second, we used a survey to gather information on
the types of extreme weather events that are currently
problematic for forest land managers, and the types of
impacts they cause to forests and forestry operations.
Respondents indicated that high winds and precipita-
tion-related events have been more problematic than
extreme temperatures alone, based on experiences
over the past decade. Types of major impacts include
operational impacts (in particular, altered access to
forest areas) as well as structural impacts (direct dam-
age to trees) and biological impacts (mortality, and
increased problems with insects, disease and fire). This
information, in conjunction with our results from the
tree species distribution modeling, was used to make
inferences about the potential impacts of extreme
events in the future. We note that climate change may
lead to alterations in the frequency, severity and dura-
tion of extreme events such that the past is an imper-
fect predictor of the future.

Future MARA research will use results from the sur-
vey and tree modeling work to examine the economic
consequences of climate-change-related impacts on
forests in the MAR. Some preliminary findings are
described in Rose et al. (2000).
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