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ABSTRACT: Human-induced changes in climate are likely to affect U.S. domestic forests and the eco-
nomic systems which rely on them. This paper reviews current knowledge of how changes in temper-
ature and precipitation could affect tree species, forest ecosystems, and the forest products sector of the
economy. The various types of models used to predict change and the results they calculate are exam-
ined. Models currently project both increases and decreases in the range of various species and ecosys-
tems, and similar results for changes in the productivity, biomass and growth of forests in response to
changes in climate. Results vary with the models used, the species or ecosystem studied, and the spe-
cific condition of the forest in question. The science of forests and global change is reviewed with
regard to plant responses to enhanced CO, environments and forests’ response to other bioclimatic and
indirect factors, such as insect predation, fire, climatic variation and ozone. Three studies of the eco-
nomic effects of climate change on forests, which project a range of losses and benefits to the economy,
are compared. Economic results vary directly with the results of the forest growth and productivity
models which were employed as inputs. No one model can provide a complete answer, and current
knowledge and models are limited in various ways which point to areas where further research could
provide benefits.
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1. INTRODUCTION

The forests of the United States encompass many
robust, productive ecosystems which have shown
great resilience to stress and change over time
(Williams 1989, MacCleery 1992). Despite this history,
there is substantial concern about how potential
changes in climate caused by human activities could
affect forests. Research conducted over the past 2
decades suggests that climatic changes could either
cause massive redistribution of forests on the continent
with large losses in range for important tree species
(Smith & Tirpak 1989), or substantial benefits to the
productivity of some forests and a spreading of their
range (VEMAP Members 1995).
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Temperature and precipitation, two of the climatic
factors expected to change with increased greenhouse
gas concentrations, are primary determinants of the
productivity, health and distribution of forests (Spurr &
Barnes 1980). Several general circulation models
(GCMs) predict rising temperatures over the next cen-
tury and the possibility for large changes in precipita-
tion patterns over various parts of the country (Wilson
& Mitchell 1987, Schlesinger & Zhao 1989, Manabe et
al. 1991, Cubasch et al. 1992, Murphy 1995). There is a
great deal of uncertainty in the fundamental knowl-
edge of how these potential climatic changes would
affect domestic forests, and how those changes would
interact with other changes taking place in the bios-
phere, most notably increasing levels of ozone and
acid precipitation. Increases in temperature, for in-
stance, will not necessarily increase growth of trees
and may reduce it for some species (Carter 1996).
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Climatic changes may also affect pest and disease
regimes, fire, and extreme weather events, which
would have additional indirect effects on forests (IPCC
1996a).

Human activities will have a profound impact on
how forests respond to climate change. As they have in
the past, changes in population and in societal prefer-
ences for forest products and other forest resource val-
ues could shape forest management and influence spe-
cies composition and the health of forest resources
(Flader 1983, Walker 1991, Langston 1995). Anthro-
pogenic activities and development patterns could
block potential species migration pathways (IPCC
1996a). However, humans’ ability to manage forests
may help mitigate the adverse effects of climate
change where it is possible to predict what adaptation
strategies will be effective as the atmosphere and cli-
mate evolve (IPCC 19964, Piutti & Cescatti 1997, Sohn-
gen & Mendelsohn 1998).

One large gap in knowledge is in understanding the
path of changes through a transition period from the
current climatic regime to some future climatic condi-
tion. Currently, there are better estimates of what
future climate may look like in response to predicted
atmospheric changes than there are estimates about
how and how quickly those conditions will arise (IPCC
1996b). The picture of forests in equilibrium in a future
climatic regime misses the impact of the changes that
will likely take place en route to a new equilibrium.
The benefits and costs of climatic changes, should they
materialize, will likely depend on that transitional
path.

This paper examines the potential impacts of climate
change on the forests of the U.S. It explores the various
ways forests could be affected by changes in climate,
and the effect those changes could have on the econ-
omy. The various climate effects, along with sources of
uncertainty, and the limitations of the various available
tools and analyses are examined.

2. PREDICTING CHANGES IN FORESTS

Scientific understanding of the likely effects of
changes in climate on forests is based partially on the
results of studies using conceptual and mathematical
models. Experiments on plant function demonstrate
how trees may respond to particular stimuli. Models
allow researchers to bring together their understand-
ing of many factors and get a better picture of the
potential responses of the forest or ecosystem to cli-
matic, biologic, or atmospheric changes. Each model
emphasizes one or more particular process or relation-
ship (Dale & Rauscher 1994), so results can be very dif-
ferent, even when identical inputs are used.

Early work in modeling projected the response of
forest types or species to climate change using historic
climate data and pollen records to follow how the dis-
tribution of various species was correlated to historic
climatic regimes (Overpeck & Bartlein 1989). Other
work applied GCM projections to species’ current
ranges based on climatic conditions to predict how
those ranges would shift (Zabinski & Davis 1989, Davis
& Zabinski 1992). Many of these studies (Smith & Tir-
pak 1989) showed large northward shifts of species’
ranges in response to warming. One study (Zabinski &
Davis 1989) showed 4 tree species currently found in
most if not all of the eastern U.S. responding to one
warming scenario by becoming extinct everywhere
but in northern Maine and Canada.

Mathematical computer models examining forest
responses range from simple linear regression models
(Pan & Raynal 1995) to more complex representations
of biological systems. Many modelers have focused on
incorporating physiological processes and detailed
responses to climatic factors into their models. These
efforts have resulted in the major classes of models pri-
marily used today: the individual tree ‘gap’ models
(e.g. Botkin et al. 1972) and the ecosystem-level mod-
els, which include biogeochemistry and biogeography
models (VEMAP Members 1995), and other forest car-
bon, nitrogen, and water allocation models (e.g. Aber
et al. 1995).

Gap models simulate the life cycle of individuals of
specific species by modeling trees’ response to light,
nutrient availability, temperature, and precipitation
(Bugmann et al. 1996). Gap models simulate forest
stands of multiple species on a period-by-period basis
as stands develop and change. Openings or gaps in a
stand’s canopy create opportunities for new individu-
als to emerge, or for regeneration to occur. Many of the
models simulate the response of trees to changing con-
ditions based on the conditions and range under which
the species are observed to grow best (Shugart &
Smith 1996). Outside that range, model processes
reduce the species’ productivity and regeneration suc-
cess, and increase their mortality (often simulated as a
function of age).

Gap models have produced results showing both
increases and decreases in forest productivity, and
many results show ecosystem shifts. Botkin et al. (1989)
showed large shifts in species types for forests in the
Lake States subjected to GCM-projected climate
change. Most sites lost productivity and biomass, but
the magnitude of change depended on soil and water
conditions. Forests on drier or well-drained soils suf-
fered more; some sites with wetter or saturated soils
either maintained or improved tree growth as they
became somewhat drier. Urban & Shugart (1989) show
species shifts and some dramatic declines in the condi-
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tion of southern pine forests in response to changes.
The magnitude of the changes varied with stand age
and condition, with older and more stressed stands suf-
fering greater declines. Solomon (1986) showed large
ecosystem changes for forests in Eastern North Amer-
ica in response to CO,-induced climate change. Gen-
erally, north central and northeast forests gained bio-
mass, and either retained species composition or
shifted to an association typically found farther south.
Forests growing farther south lost varying amounts of
biomass. In another study, Pacific Northwest forests
showed mixed results to transient warming that varied
with elevation, stand age and initial composition
(Urban et al. 1993). Stand structure may itself provide
a delayed response to climatic changes. The inertia of
large old trees and resilience to stress of vigorously
growing mid-size trees may delay by years or centuries
shifts in species composition which climatic changes
might otherwise have caused more rapidly (Urban et
al. 1993, Sykes & Prentice 1997). Simulations of boreal
forest development (Price & Apps 1996) show results
which vary with GCM scenario and site location along
a north/south transect. One scenario characterized by
large increases in temperature and small increases in
precipitation (Geophysical Fluid Dynamics Laboratory;
Manabe & Wetherald 1987) produced large decreases
in biomass productivity. Three other GCM scenarios
with larger increases in precipitation and a range of
temperature increases all produced increases in bio-
mass of varying degrees. Southern sites had changes
of greater magnitude than northern sites.

Gap modeling results can show how transient changes
in climate affect forests as individual trees’ growth re-
sponds over time to changing conditions. A drawback of
these models is that they may not give sufficient credit to
species’ abilities to survive, and perhaps do well, under
climatic conditions which characterize the edges or out-
side of their currently observed ranges (Loehle &
LeBlanc 1996). Trees may be more limited by competi-
tion from other species than by climatic conditions. At
the rates of change currently projected, climatic condi-
tions will likely change faster than the species best
adapted to those conditions can successfully migrate into
and colonize a new area (Tirpak & Smith 1989). Until
models reflect how individual species will respond to
novel conditions in the absence of competition from spe-
cies better adapted to those conditions, they are likely to
understate the resilience and adaptability of the forest.

The potential speed with which trees can migrate
into an area with more advantageous conditions is an
important concern. Historic changes in forest distribu-
tion due to the ice age and other events took place over
thousands of years (Davis 1981), at rates of less than
30 miles (~48 km) per century (Davis & Zabinski 1992).
Scientists and policy makers examining possible

changes in climate due to current patterns of land and
fossil fuel energy use predict significant changes over
the next 100 yr (IPCC 1994). Migration rates of 350
miles (~560 km) per century could be required to main-
tain species near their current climatic ranges under
some scenarios of climate change (IPCC 1996a). Such
migration rates are unlikely to occur in the absence of
human intervention. Should species respond poorly to
climatic regimes outside their current range, and in the
absence of super-natural rates of in-migration by bet-
ter adapted species, many forest types will decline in
parts of their current locations (Tirpak & Smith 1989).

Simpler models of forest growth display results simi-
lar to those of the gap models. Two regression models
of forest growth (Pan & Raynal 1995) showed that dif-
ferent plantation conifers respond in different ways to
changes in temperature and precipitation. Increases or
decreases in growth were greatly affected by local
stand conditions and the relative drought tolerance of
the species.

Two classes of models which simulate changes in
broader ecosystem types have generated results with
both net benefits and losses to productivity and forest
area in response to climatic changes. Biogeography
models simulate the geographic distribution of ecosys-
tems through analysis of an ecosystem’s response to
ecophysiological constraints imposed by climatic con-
ditions, and to limitations in basic resources such as
water, light, and nitrogen (e.g. Neilsen 1995). These
models show how the distribution of ecotypes changes
from one equilibrium state to another, though they
cannot indicate the condition of those systems. Biogeo-
chemistry models simulate ecosystem productivity and
carbon storage over time by analyzing the response of
soil and plant processes to changes in carbon and
nutrient cycles imposed by environmental inputs (e.g.
McGuire et al. 1995). Their results on ecosystem car-
bon density are one measure of forest stand density,
and a loss in carbon is one indication of stand dieback
or die-off. The biogeochemistry models cannot, how-
ever, show how different ecosystems are distributed
over the landscape.

One study (VEMAP Members 1995) linked 3 of each
of these model types in combinations, using the differ-
ent climatic scenarios, to project both the distribution
and condition of ecotypes arising once climate changes
have equilibrated. The results show both losses and
gains to the area of specific forest types, losses and
gains of ecosystem carbon, and continental-scale
changes in productivity of -1 to 40%. The results
strongly depend on the GCM scenario and models
used. Only results which include the physiological
effects of increased CO, are discussed here.

In the GCM scenario with the largest increases in
temperature (United Kingdom Meteorological Office
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model; Wilson & Mitchell 1987), the biogeography
models all completely replace the eastern temperate
deciduous forest with the southern pine forest ecotype
across its entire current range. The current northeast
and northern Lake States forests are eliminated from
the continental U.S. in all but the Oregon State Univer-
sity GCM scenario (Schlesinger & Zhao 1989), which
has the smallest increases in temperature of the 3
GCM scenarios used. One of the biogeography models
replaces most if not all of the current Pacific Northwest
coastal coniferous forest with a southern forest type
coniferous forest, while the other models maintain
most or all of that area with its current cover. Results
for the interior west forests are mixed amongst models
and climate scenarios, showing either changes or
maintenance of existing forest types.

Across the GCM scenarios, the biogeochemistry
models project increasing and decreasing productivity
for the southern, north central, and northwest forest
types in response to climate changes. Two of the mod-
els show general increases in productivity for interior
west forests, and all models show increases for the
northeast. One of the biogeochemistry models projects
losses of carbon over virtually the entire eastern half of
the U.S. and varied small magnitude changes else-
where. Mixed results characterize the other models’
carbon projections.

These models are valuable in that they allow for the
inclusion of a number of factors in ecosystem structure
and function at a scale that is appropriate to the natural
scale of the general circulation models. However, they
do not account for differences between individual spe-
cies within these broad ecosystem classes (types such
as maritime temperate conifer forests and warm tem-
perate mixed/evergreen forest). Consequently, the
models may show general increases in the productivity
and areal extent of an ecosystem without recognizing
that individual species might be either dying out or
thriving over all or part of their range. The interaction
and dynamics within a multi-species community may
itself influence the strength of the system’s reaction to
increased CO,. In simulations of a forest with multiple
species versus simulations of a single species designed
as the average of the community, Bolker et al. (1995)
showed that species differences and community diver-
sity may play a large role in determining ecosystem
function over time scales appropriate for the assess-
ment of climate change impacts.

The transition from current to future climate may be
accompanied by increased stresses, dieback, repro-
ductive failures, and a forced adaptation of the human
and nature systems to differing conditions before, and
if, a stable situation is reached. Although the resulting
changes may be positive for important factors, ignoring
the transitional path and how existing forests will react

to changes may miss the full costs of the change. Due
to the current limitations of the biogeography models,
analyses using them cannot assess these transitional
changes.

3. PHYSIOLOGICAL FACTORS

In addition to its role as the most prevalent green-
house gas, carbon dioxide is a primary input to the
growth and development of all plant life. Much discus-
sion has centered on the role of increasing atmospheric
concentrations of CO, in providing both a fertilization
effect on vegetation and an increase in the efficiency
with which plants use water (Bazzaz 1990, McGuire &
Joyce 1995, Bazzaz et al. 1996). Both of these factors
represent potentially significant benefits to forests and
other plant populations.

Carbon fertilization has been demonstrated in con-
trolled settings for tree seedlings (Bazzaz 1990,
Groninger et al. 1995). In the laboratory and growth
chambers, the growth rate and productivity of plants
increased in the presence of higher concentrations of
carbon dioxide. In an 8 yr study using open-top growth
chambers, sour orange tree seedlings in an enhanced
CO, environment grew more than twice as fast as sim-
ilar seedlings growing in ambient air over the initial
years of the experiment (Idso & Kimball 1997). In other
experiments, the response to elevated levels of CO,
differed among species, including those that co-occur,
with shade tolerant species exhibiting the largest
increase in growth (Bazzaz et al. 1990, Kinney & Lin-
droth 1997). This suggests that changes in carbon diox-
ide levels may change the competitive dynamics
among species. The fertilization effect may also
depend on the availability of water and nutrients
(McGuire & Joyce 1995). To date, such growth
increases have been conclusively demonstrated for
only juvenile individuals (Shugart & Smith 1996).
Research has also shown that fertilization effects some-
times diminish after an initial period of adjustment
(Bazzaz et al. 1996), and there is still much uncertainty
regarding how much of a long-term effect can be
expected. These experiments all present problems in
scaling their results to forest ecosystems given the
small size of the individuals studied, the fraction of
trees’ life span involved, and the comparative simplic-
ity of the system being examined.

Free Air Carbon Enrichment (FACE) experiments
expose more mature trees to increased CO, levels,
often in a forest environment (Hendrey et al. 1993). In
1 yr of a FACE experiment in North Carolina, domi-
nant loblolly pine trees growing in an enhanced CO,
environment grew at a rate approximately 27%
greater than trees growing in ambient conditions (E. H.
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Delucia et al. unpubl. data). The net photosynthetic
rate measured in the needles was approximately 65%
greater than that measured in ambient air (Ellsworth et
al. 1995). Questions about long term adjustments by
plants to higher concentrations of CO, are not able to
be answered by such early results. While offering
promising opportunities to study carbon fertilization
and other effects in complex ecosystem conditions,
FACE and other carbon enrichment experiments pre-
sent the additional problem of translating results gen-
erated by ‘stepping up’ carbon concentrations to situa-
tions where concentrations are changing gradually
over the life of trees (Bazzaz et al. 1996).

Researchers have demonstrated increases in water
use efficiency with increasing concentrations of carbon
dioxide (Bazzaz et al. 1996, Groninger et al. 1996). The
improvement in efficiency can vary amongst species
and with different temperatures. Water use efficiency
improvements on a large scale could have profound
effects on forests in light of possible decreases in pre-
cipitation attending changes in climate, as plants
would be able to function better under drier conditions.
Improvements in water use efficiency may not com-
pletely offset the effects of reduced precipitation
and/or increased temperatures in all situations. For
example, the relative enhancement of water use effi-
ciency associated with enhanced CO, may be reduced
or eliminated in response to drought (LeThiec & Dixon
1996). In addition, some results suggest that trees may
acclimatize to increased CO2 levels over the long run,
thus reducing the enhancement in water use efficiency
initially experienced by the tree (LeThiec & Dixon
1996). One theory proposes that CO,-enhanced water
use efficiency may cause increased damage to vegeta-
tion. Bassow et al. (1994) suggest that since higher CO,
concentrations increase water use efficiency by reduc-
ing leaf conductance of water, such changes will lead
to less cooling of leaves by transpiration, resulting in
more heat damage during extreme heat events.
Results of the FACE experiments in mature loblolly
pine stands show little to no change in leaf conduc-
tance of water in response to elevated CO, concentra-
tions (Ellsworth et al. 1995), though these results do not
necessarily rule out the possibility of beneficial
changes in water use efficiency in deciduous trees or
other conifers under similar conditions.

Modeling work simulating tree physiology has
demonstrated large benefits to certain species of trees
from increased CO, concentrations. In one study,
researchers projected that higher concentrations of
CO, increased growth of loblolly pine in the southern
U.S. (Valentine et al. 1997). The effect was sufficient to
offset any detrimental effects of changes in tempera-
ture and precipitation, and provided net benefits to for-
est productivity. However, increasingly higher temper-

atures reduced the magnitude of the benefit. Growth
of ponderosa pine increased by 29 and 13%, respec-
tively, in response to increases in CO, and tempera-
ture, and by 49% when both were increased simulta-
neously (Constable et al. 1996). Application of
increased ozone reduced growth 1, 19, and 39%,
respectively, from simulated levels. An ecosystem-
level modeling study which considered the effect of
both climatic changes and increases in water use effi-
ciency showed that higher CO, levels reduced the
magnitude of forest displacement relative to a case
where the effects of increased CO, were not accounted
for (Neilsen & Marks 1994).

Increased carbon dioxide levels may also trigger
changes in the chemical composition of vegetation. Re-
search has shown that increased CO, may increase the
carbon-nitrogen ratio of leaves (Fajer et al. 1989). Such
a change would reduce the nutritional value of vegeta-
tion to insects and force insect herbivores to consume
more vegetation to meet their nutritional needs (Baz-
zaz & Fajer 1992). Insects feeding on vegetation grown
in high CO, environments increase their consumption
by 20 to 80% (Bazzaz 1990). Despite the lack of evi-
dence that such behavior always leads to improvement
in the long-term success of pest species, such increases
in direct consumption of vegetation might offset some
or all of the benefit of increased CO, to trees.

4. DIRECT AND INDIRECT CLIMATIC EFFECTS

Recent GCM scenarios which feature transient views
of how the climate will change over time give a range
of results for temperature increases and changes in
precipitation (Manabe et al. 1991, Cubasch et al. 1992,
Murphy 1995). Temperatures are generally predicted
to increase across the United States, with some areas
experiencing larger changes than others. Predicted
changes in precipitation are less consistent. Different
regions experience either increased or decreased pre-
cipitation.

These changes in climate may increase forests’ sus-
ceptibility to wildfire. In areas of the west which expe-
rience significant yearly danger of forest fire, there are
projections of no change in precipitation or substantial
drying accompanying projected rises in temperature
(Manabe et al. 1991, Cubasch et al. 1992, Murphy
1995). Either of these dynamics could result in a higher
probability of catastrophic fires, but decreases in pre-
cipitation would likely increase that danger substan-
tially. Historically, occurrence of fire in western forests
has varied directly with variations in temperature, and
varied inversely with fluctuations in precipitation
(Swetnam 1993). Forests in the western states already
suffer the effects of deprivation of normal fire regimes,
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and of insect infestation (Sampson et al. 1994). These
conditions have led to unprecedented losses of timber-
lands to catastrophic fires in recent years as stand
structures have departed from their historic range of
variability.

Increasing variability of climatic factors may also
have a detrimental effect on forests. Plants rely on a
certain range in seasonal temperatures and precipita-
tion for proper function in their various life stages.
Extremes in variation outside of an acceptable range
can damage individuals so that they die or their func-
tion is impaired (Bassow et al. 1994). Until the spring
thaw arrives, trees function best if temperatures stay
low, lest a prolonged early thaw bring them out of the
protection of winter dormancy. Once trees emerge
from dormancy, extreme cold can damage them.

Large-scale incidents of forest dieback have been
positively correlated with extreme weather events
(Auclair et al. 1990, 1996). Declines observed in vari-
ous forest ecosystems have corresponded to repeated
freeze-thaw events in the winter, followed by severe
droughts in the summer. Some of these studies have
also described the processes causing the physiological
damage which leads to the diebacks (Auclair et al.
1990). Should climatic changes lead to periods of sig-
nificant warming within the winter period, or extreme
heating, cooling, or drought during the summer, more
such large-scale events are possible. These types of
damage can make forests more susceptible to threats
from pests, or to diseases. Although no positive con-
nection has yet been made between projected changes
in climate and an increase in climate variability or
extreme weather events, researchers have postulated
the existence of such an effect (Auclair et al. 1996).

Trees are constantly under attack by a set of insect
pests, which under normal conditions they are gener-
ally able to either survive the effects of or fend off.
Trees under abnormal temperature or moisture stress
are less able to defend themselves from attack and
may suffer more losses (Logan et al. 1995). In addition,
increases in temperature may increase the growing
season and growth rate for some pests, thus allowing
them more generations in a year (IPCC 1996a). Pests
may have greater reproductive success during that
year through the greater success they have attacking
the forest. The combination of greater stress and more
numerous attacks from pests may lead to greater mor-
tality.

Damage to forest vegetation has been linked to
increasing levels of tropospheric ozone and acid pre-
cipitation. Although some acid precipitation may add
the nutrient nitrogen to the forest, the application of
acid mist lowers the ability of red spruce to tolerate
cold (Strimbeck et al. 1995). Ozone is a known phyto-
toxin which works through a number of pathways to

reduce growth and cause direct damage to various
species (Hom 1997). Its effects may be amplified by
other stresses, such as low soil moisture and higher
temperatures, to cause greater growth losses or dam-
age (McLaughlin & Downing 1995, 1996). Studies have
shown mixed impacts of ozone on forests which were
either maintained or grew with time. Teskey (1995)
showed a 5% annual growth reduction in southern
pine forests in response to ozone. In another study, ele-
vated ozone levels caused ponderosa pine seedlings
greater growth reduction in the second year of expo-
sure than in the first (Takemoto et al. 1997). Ina 2 yr
study of 3 northeastern hardwood species, cherry suf-
fered growth and biomass reductions which increased
with increasing ozone levels, yellow poplar increased
growth and biomass with increasing ozone levels, and
sugar maple showed no effects to any levels of ozone
(Rebbeck 1996).

Finally, changes in climate and/or atmospheric
chemistry are likely to affect the soil and ecosystem
processes by which nutrients are stored, released, and
recycled, or lost to the system (Pastor & Post 1988).
Decompositional processes and the activities of soil
micro-organisms, which have a significant role in
determining the structure, function and health of
forests, change with moisture, temperature, and litter
quality. These processes are also affected by changes
in species composition, which is sensitive to changes in
climatic variables (Post & Pastor 1996). Changes in any
of these factors can significantly change the nutrient
cycling regime and function of an ecosystem (Bazzaz et
al. 1996).

5. ECONOMIC IMPACTS

Several studies have examined the potential eco-
nomic impacts of climatic changes on forests. These
studies have used different types of forest models,
and their results largely reflect the character of those
models.

Callaway et al. (1994) used gap model results to
scale the change in growth of forest types regionally. In
the study, softwood growth in the southern and south
central states declined precipitously (56 to 100%b),
while softwood growth in both the north central and
northeastern states decreased 40 to 78%. Softwood
yields in the western states ranged more widely
between growth increases and decreases (-53 to
+79%). Hardwood growth in the north increased 11 to
71%, while growth in the south and south central
regions ranged from -60 to +20%. The study used an
optimization model of U.S. private timber markets
(Adams et al. 1996) to assess how these productivity
changes would affect the forest product sector.
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Table 1. Base welfare and changes in welfare (in %) for a forest impact study using gap model data and a dynamic model of the
U.S. forest sector for 2 levels of temperature change with and without simulated CO, fertilization (‘fert.’) effects. Source: Callaway

et al. (1994)
Net present value Base (millions of $) 2.5°C with fert. 2.5°C 4.0°C with fert. 4.0°C
Firm and producer surplus 1377125 -17.4 -335 -28.3 -42.1
Landowner surplus 93934 146 237 194 208
Foreign trade surplus 7856 -21.8 -39.3 -35.6 -50.1
Total surplus 1571815 -4.3 -10.7 -94 -18.7

Decreases in softwood yields in the economically
important southern region dominated the results.
Although the large area of northern hardwoods
increased in value, its contribution to the overall econ-
omy was insufficient to offset the softwood domination
of the market (see Table 1). Total welfare decreased
significantly in response to increased warming, and a
simulated growth enhancement, designed to show
how potential carbon fertilization might affect the
results, diminished the economic damage slightly.
Overall, the increased scarcity of timber and the corre-
sponding rise in prices makes the remaining resource
very valuable, and the welfare of land and timber own-
ers rose in response. These economic improvements
were insufficient, however, to reverse the losses to
firms and consumers, whose economic welfare domi-
nates the function of the sector (base level contribu-
tions of participant welfare to the sector; Table 1).

Mills & Haynes (1995) examined how different cli-
mate change scenarios would affect demand and sup-
ply for wood products in the U.S. forest sector. They
used a biogeochemistry model (Terrestrial Ecosystem
Model; McGuire et al. 1992) to project changes in forest
productivity for broad ecosystem types, in response to 4
GCM predictions of future climate. Percent changes in
net primary productivity (NPP) from TEM were trans-
lated to changes in net forest growth in the TAMM/
ATLAS forest sector model (Adams & Haynes 1980).
TEM is one of the 3 biogeochemistry models used in the
Vegetation/Ecosystem Modeling and Analysis Project
study (VEMAP Members 1995). In comparison with the
other 2 models, TEM results are generally the most pos-
itive with regard to changes in NPP and carbon storage.

Changes in growth were almost uniformly positive,
with some forest types experiencing growth increases
of up to 29%. Differences between maximum and min-
imum responses were most variable for the southern
U.S., but only in 5 cases out of 159 (minimum, mean,
maximum for 53 forest types) were there growth
declines. Increases in the growth response occurred
linearly over time, so most of the gains in inventory
(3 to 22%) occurred late in the projection period
(1990 to 2040). Even so, softwood inventories increased

over base levels, with corresponding declines in soft-
wood timber prices. Timber harvests increased 1 to
3%, with most of the increases occurring for softwood
production. Hardwood harvests declined in the maxi-
mum case. Increased production and lower prices
reduced imports of timber from Canada and increased
demand for timber over non-wood substitutes.

A third study (Sohngen & Mendelsohn 1998) showed
a range of economic benefits to the forest sector in
response to climate change. Benefits ranged from 1 to
11% of the net market surplus in the forest sector. The
study used results of the VEMAP study (VEMAP Mem-
bers 1995) to assess the impact of various GCM scenar-
ios on the U.S. forest sector. Using a dynamic model of
the forest economy, researchers projected the eco-
nomic impacts on domestic markets of various levels of
climatic changes. They scaled the carbon storage (as a
measure of ecosystem biomass) and area change pro-
jections generated by the biogeography and biogeo-
chemistry models used in the study into several levels
as shown in Table 2. In addition, they assessed the sen-
sitivity of the results to various assumptions about the
timing and scale of climatic changes and ecosystem
responses, the nature and success of human responses,
and the economic response.

The results of this study reflect the ecosystem mod-
eling results, and are driven more by changes in for-
est area than by changes in biomass. Generally, these
models show an increase in the area of the most eco-

Table 2. Ranges for change in net present value of forest sec-

tor market surplus (billions of $, % change in parentheses)

from baseline across combinations of ecological models simu-

lating forest responses to 3 GCM scenarios. Source: Sohngen
& Mendelsohn (1998)

Precipitation Temperature change
change (%) +2.5°C +5°C
7 $2.2-18.0 $11.9-35.3
(1-6%) (3-11%)
15 $10.8-28.2 $1.13-32.6
(3-9%) (0.5-10%)
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nomically important forest types (southern pines) at
the expense of forests contributing less to the forest
economy (temperate deciduous and northern soft-
wood types). Although some of the carbon storage
results were negative, the increase in the area of the
forest type involved more than made up for the per
acre loss in biomass. The net result was greater tim-
ber inventories of the most valuable types, and
greater income to the forest sector. Several other
aspects are noteworthy.

Unlike the results of the Callaway et al. (1994) study,
economic benefits increased with greater tempera-
tures. Secondly, results in this study varied dramati-
cally across model combinations. One model combina-
tion used projects decreases in biomass across all
forest types, while the other projects all increases.
Likewise, the size of the Pacific Northwest maritime
forest types declined in one combination and increased
in the other. Although the size of the southern pine for-
est increased in both combinations, one model projects
nearly half the increase displayed by the other.

These results also offer some insights into the value
of human intervention. A set of sensitivity analyses
simulated in a simplified fashion show how manage-
ment activities might affect the results. Adaptive
regeneration of affected sites with better adapted spe-
cies, following harvest, slightly increased welfare in
the forest sector, compared to allowing the forest to die
back and regenerate itself naturally. Net economic
losses or significantly less gain resulted if managers
guessed wrong about which species to plant, and a
time lag in successful regeneration ensued. High
intensity salvage of affected trees also improved the
economic results, compared to lesser levels of salvage.
Levels of market demand greater than the base case
had dramatic consequences to the forest sector,
increasing by 2 to 3 times in most cases the benefits
accruing from climatic changes. Demand lower than
base levels did not necessarily correlate with
decreased benefits.

6. CONCLUSIONS

Most significant in the understanding of potential
effects of climatic changes on domestic forests is the
variation and uncertainty in the results of studies
which define what is known. In some cases, there is
good scientific agreement on the nature of the physio-
logical processes, but less so on how those translate
into effects at the forest level. In some cases not
enough is known about the potential effects to make
concrete projections.

The analyses discussed here display examples of
the types of effects which forests could experience as

changes in the composition of the atmosphere induce
changes in climatic regimes. Researchers compare
climatic regimes induced by historic or current atmos-
pheric conditions with regimes induced by some
future condition. Preindustrial or current levels of
CO, and either 2 or 4 times those levels are often
used as endpoints for analyses (e.g. Solomon 1986,
VEMAP Members 1995, IPCC 1996a). However,
these are unlikely to be the endpoints of potential
changes in climate. In the absence of measures suffi-
cient to prevent changes, these future atmospheric
conditions and the climatic regimes they induce are
likely to be points along a path of constant change.
The changes in forests given as the results of such
analyses are likewise points in a continuum of
changes that do not necessarily constitute the magni-
tude, type, or direction of changes which could occur.
Further atmospheric and climatic changes beyond the
standard points of analysis could bring very different
results, as could greater understanding of all the
interactions within ecosystems and of the factors
influencing them.

Overall, study results indicate that forests’ response
to climate change will depend on local conditions.
Stand age, site soil and moisture characteristics, spe-
cies composition, and the history of disturbance and
development may all affect how and how quickly
forests respond to rising temperatures, changes in pre-
cipitation patterns, and the other ecological and bio-
physical changes which those conditions induce.
Forests growing under optimal conditions may do well
depending on the nature and severity of change; trees
which can accept a greater range of conditions will
fare better than those with narrow ecological require-
ments. Forests under stress are likely to be further
stressed unless climatic changes mitigate the situation.
The condition of trees growing in soils too moist for
optimal growth may improve if rising temperatures dry
the site. Forests on marginal sites may deteriorate if
climatic changes make conditions less conducive to
survival. Forests already stressed by crowding, patho-
gens, or atmospheric conditions may not survive the
additional climatic stress.

A prominent feature of the field is that the type of
analytic or research tool used to assess the potential
effects of climatic changes can largely determine
whether the outcome is positive or negative. The mod-
eling results illustrate this point. Gap modeling results
have shown both positive and negative effects of
potential climatic changes on individual species and
forest types. Biogeography models show expansions of
some forest types and shrinkage of others, in some
cases directly disagreeing over the effects of the same
climatic regimes. Biogeochemistry and other forest
carbon models show both increasing and decreasing
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productivity and biomass of important forest types,
again sometimes in disagreement with each other on
the same scenarios. These disagreements have been
shown to significantly affect the modeled economic
impacts, in some cases attributing opposite signs (neg-
ative or positive) to the different results.

Each of various types of models simplifies forest sys-
tems in ways which focus on some important compo-
nent of their structure and function. Not all the models
are sensitive to the effects of enhanced CO, on forests.
One class of models (the biogeography models) are
currently unable to project the effects of gradual cli-
matic transition on forests, while another class of mod-
els which can (the biogeochemistry models) are sel-
dom used to do so in the published literature. The
relative uncertainty in the knowledge of the climate’s
transitional path complicates the study of how forests
will respond to those changes.

Several types of forest models do not recognize the
contribution and sensitivity of individual species to
changes in an ecosystem’s bioclimatic conditions. The
major economic models currently in use permit no
detail beyond the classification of hardwoods and soft-
woods. As many local and regional economies depend
on the condition of particular tree species within a
broad ecosystem type, this is likely to be an important
consideration. Such impacts may not show up in an
assessment of impacts at the national level. That possi-
bility argues for more detailed regional or local assess-
ments of the potential effects of climate change on
forests.

As no model accounts adequately for all of the com-
ponents important to determining forests’ response to
climate change, it is important that no model’s projec-
tions be taken as the ultimate answer. All results need
to be viewed with an eye to what they say about a
piece of the whole picture and how they help reduce
the uncertainty in the understanding of these issues.
Important advances are likely as scientists and model-
ers with differing viewpoints work together through
projects such as VEMAP. Such advances will require
better information and data on climatic projections
and ecosystem structure and function with which to
build the needed tools. Already, new types of models
are being proposed which bring together the
strengths of the various classes of models now being
used (Nikolov 1995). Uncertainty in the projections of
future climate is probably as influential in the results
of impact studies as are the differences and gaps in
the understanding of how forests will respond to those
conditions.
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