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Studies of the effects of climate change on forests 
have focused on the ability of species to tolerate tem- CLIMATECHANGE CAN AFFECT FORESTS 

perature and moisture changes and to disperse,but they have 
ignored the effects of disturbances caused by climate change 
(e.g.,Ojima et al. 1991).Yet modeling studiesindicate the im-
portance of climate effectson disturbance regimes (He et al. 

BY ALTERING THE FREQUENCY, INTENSITY, 

DURATION, AND TIMING OF FIRE, 
-

1999). Local, regional, and global changes in temperature DROUGHT, INTRODUCED SPECIES, INSECT 
and precipitation can influence the occurrence, timing, fre-
quency, duration,extent,and intensityof disturbances (Baker AND PATHOGEN OUTBREAKS, HURRI-
1995, Turner et al. 1998). Because trees can survive from 
decades to centuries and take years to become established, 
climate-change impacts are expressed in forests, in part, 
through alterations in disturbance regimes (Franklin et al. 
1992,Dale et al. 2000). 

Disturbances,both human-induced and natural, shapefor-
est systems by influencing their composition, structure, and 
functional processes. Indeed, the forestsof the United States 
are molded by their land-use and disturbance history.Within 
the United States, natural disturbances having the greatest ef-
fects on forests include fire, drought, introduced species, in-
sect and pathogen outbreaks, hurricanes, windstorms, ice 
storms, and landslides (Figure 1).Each disturbance affects 
forests differently. Some cause large-scale tree mortality, 
whereas others affect community structure and organization 

CANES, WINDSTORMS, ICE STORMS, OR 

LANDSLIDES 

without causing massive mortality (e.g., ground fires). For-
est disturbances influence how much carbon is stored in 
trees or dead wood. All these natural disturbances interact 
with human-induced effects on the environment, such as air 
pollution and land-use change resulting from resource ex-
traction, agriculture, urban and suburban expansion, and 
recreation. Some disturbances can be functions of both nat-
ural and human conditions (e.g., forest fire ignition and 
spread) (Figure 2). 
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Figure 1. The major disturbance impacts on forests result 
fromfire, dmught, introduced species, insect and 
pathogen outbreaks, hurricanes, windstorms, ice storms, 
and landslides. Photo: Virginia Dale 

Each disturbance has both social and economic effects 
(Table 1). Estimating the costs of each of these disturbances 
is very difficult; these estimates for the United States are il- 
lustrative only. Of the eight forest disturbances considered, ice 
storms are the least costly, averaging about $10 million and 
more than 180,000 ha annually (Michaels and Cherpack 
1998). Insects and pathogens are the most expensive, with costs 
exceeding $2 billion and 20.4 million ha per year (USDA 
1997). The socioeconomic aspects of these damages are only 
part of the cost. Costs of impacts to ecological services (e.g., 
water purification) can be large and long term. 

This article examines how eight disturbances influence 
forest structure, composition, and function and how climate 
change may influence the severity, frequency, and magni- 
tude of disturbances to forests. We focus on examples from 
the United States, although these influences occur world- 
wide. We also consider options for coping with disturbance 
under changing climate. This analysis points to specific re- 
search needs that should improve the understanding of how 
climate change affects forest disturbances. 

This paper is one in a series developed by the forest sector 
of the US National Assessment of the Potential Consequences 
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Figure 2. Natural and anthropogenic agents of forest 
disturbances that resultfrom climate change (modifid 
jhm Dale et al. 1998a). The length and position of the 
arrow relates to the extent of natural versus 
anthropogenic influence on the agent. 

or urnate variab111ty and Lhange. m examining how rorests 
may be affected by climate change, the Forest Sector Com- 
mittee divided the topic into four areas (processes, diversity, 
disturbances, and socioeconomics), each of which is the fo- 
cus of an article in this issue of BioScience. Impacts of climate 
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cuses on direct terrestrial impacts. The effects of a rise in sea 
level, coastal processes, and salinity on terrestrial systems are 
examined in the coastal sector of the national assessment 
(NAST 2000). 

Past and fiture climates 
in the United States 
The Earth has experienced cycles of temperature and pre- 
cipitation change on a geological scale, but recent evidence 
points to a large anthropogenic component to current global 
climate changes (Houghton et al. 1996). Analyses of the last 
100 years of climate data for the coterminous United States 
suggest that the average temperature has risen by O.S°C and 
that precipitation has increased 5%-10% (NAST 2000); ob- 
servations also indicate that there has been some increase in 
precipitation and temperature extremes (Easterling et al. 
2000). To look at future climates, scenarios from two of the 
newer, transient general circulation models (GCMs)--one de- 
veloped by the Hadley Center in the United Kingdom 
(HADCM2SUL) and one by the Canadian Climate Center 
(CGCM1)-have been selected for this national assessment 
(MacCracken et al. 2000). These transient GCMs simulate at- 
mospheric dynamics under a gradual increase in greenhouse 
gas concentrations from about 1895 to 2100 and produce sce- 
narios (precipitation patterns, temperature changes, and so 
on) that forest-process and biogeography models use to ex- 
amine transient community and ecosystem dynamics under 
climate change (Aber 200 1, Hansen et al. 200 1). 

These two climate scenarios present a useful contrast for 
future climates. The HADCMZSUL produces relatively mod- 
est temperature increases over the United States (approxi- 
mately 2.6OC) and large precipitation increases (about 20%); 
the CGCMl simulates larger temperature increases 
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Table 1. Relative areal extent and economic cost of current disturbances in the United States. 

Average annual impact area Average annual economic cost 

Disturbance (ha) (millions of dollars) 


Fire 450,000a 2 6 I b  

Hurricane 1,200,000C 7OOd 

Tornado 450,000e 154' 

Ice >180 ,000~  > log  

Insects and pathogens 20,400,O0Oh 1,500' 

Exotic species Nationwide 60 

Landslide 100,000 1,0OOk 

Drought Nationwide Severity dependent 


aData from Ruiz (1996). 

bFrom 1989 to 1994, fires destroyed 454,000 ha of US forests each year (Ruiz 1996). In 1994, the United States had 661,000 ha of forest fires with a total 

loss of $380 million, or $575 per ha burned. We assume that the geographic distribution of the 1994 fires represents the average distribution of fires. 

%ased on the 1.8 million ha of South Carolina forest destroyed by Hurricane Hugo in 1989 and on the fact that an average of 0.67 major hurricanes per year 

struck the US mainland from 1900 to 1996 (Hebert et al. 1996). 

dObtained by multiplying the $700 in annual damage that occurs per year (Marsinko et al. 1997) by a 0.67 annual frequency. 

eFrorn Fujita (1971), we calculate an average area of damage to be 975 ha, multipiy this value by the number of forest tornadoes in each region, and sum over 

all regions to obtain a first-order approximation of the total annual damage to forests by tornadoes. 

'Across the southern United States, average harvest rotation length is 30 years, while across the North and Rocky Mountain region it is 70 years. Tornadoes 

destroy both the current year and accumulated previous years' growth. Annual returns of forestland range from $2.68 per ha in the Rocky Mountains to 

$23.46 per ha in the South (USDA 1990). Given that tornadoes affect all forest age classes, tornadoes destroy 35 years' worth of growth in the North and 

Rocky Mountains while destroying 15 years' worth of growth in the South. Assuming that the age classes are equally distributed and that downed timber is not 

salvageable, the total annual impact of tornadoes is approximately $154 million. 

gBased on January 1998 ice storm damage across New England, with a 100-year frequency (Michaels and Cherpack 1998). 

"he regional extent of insect- and pathogen-related forest damage is 20.4 million ha (USDA 1997). However, not all of the trees within this forested area are 

destroyed. Instead, insects and pathogens within this region annually kill some trees while reducing productivity for many others. Major insect pests include 

the southern pine beetle (3.0 million ha), gypsy moth (up to 2.6 million ha), other spruce and pine beetles (up to 1million ha), and hemlock woody adelgid 

(areal extent unknown). Major pathogens include dwarf mistletoe (11.7 million ha), fusiform rust (about 1.8 million ha), white pine blister rust (areal extent 

unknown), and anthracnose (areal extent unknown). 

'CP Harausz, personal communication, 2000. 

)From Krauchi (1993). 

"ram Schuster (1996). 


(approximately 5.0°C) and similar model precipitation in- of any of these disturbances, large impacts (such as loss of 
creases over the coterminous United States in the next 100 species regeneration) could be expected. The effects on species 
years (NAST 2000). The ecological models associated with the or communities already at the margin of their range may be 
national assessment incorporate fire and drought distur- particularly severe. 
bances, and we report the implications of these climate sce- 
narios on these disturbances. The technology to incorpo- Fire. The frequency, size, intensity, seasonality, and type of 
rate other disturbances, such as windstorms or invasive fires depend on weather and climate in addition to forest struc- 
species, is only now emerging. Therefore, the analyses we ture and composition. Fire initiation and spread depend on 
present here are based on new technology or are simply our the amount and frequency of precipitation, the presence of 
best inference based on ecological models, literature surveys, ignition agents, and conditions (e.g., lightning, fuel avail- 
or our professional judgment. ability and distribution, topography, temperature, relative 

humidity, and wind velocity). 
Climate influences on Fire effects on forests include acceleration of nutrient cy- 
forest disturbances cling, mortality of individual trees, shifts in successional di- 
A review of how each disturbance is influenced by climate, af- rection, induced seed germination, loss of soil seed bank, in- 
fects forests, and might be exacerbated by climate change creased landscape heterogeneity, changes in surface-soil 
provides a background for examining ways to cope with the organic layers and underground plant root and reproductive 
impacts of climate change. The effects of each disturbance are tissues, and volitalization of soil nutrients (Whelan 1995). Ero- 
partly tempered by prior adaptations. For example, species pre- sion can occur where soil disturbance accompanies fire (e.g., 
sent in a forest reflect past disturbances. Droughty sites typ- during fire fighting or timber salvage operations). Fire affects 
ically support species that survive well under dry conditions forest value for wildlife habitat, timber, recreation, and, 
with uncertain rainfall. Sites that have frequent fires contain through smoke, human health. 
gymnosperm species with serotinous cones. Thus, if climate The rapid response of fire regimes to changes in climate 
change alters the distribution, extent, frequency, or intensity (Flannigan et al. 1998,2000, Stocks et al. 1998) can potentially 
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Figure 3. The ratio of the mean seasonal severity rating (SSR) between 2060 and the present day using (a) the Canadian 
GCM and (b) the Hadley GCM in thejire model described by Flannigan et al. (1998). Thejigures are a ratio of thefuture 
divided by the present, so that isolines of 1.0 mean no change, ratios greater than 1.0 mean an increase in SSR, and ratios 
less than 1.0 mean a decrease in SSR. The SSR is a measure of thejire weather severity and is a rough indicator of area 
burned. The average SSR for 1985 to 1994 was used for the present value, and an average for 2055-2064 for the 2060 value. 

overshadow the direct effects of climate change on species dis- 
tribution and migration. Modeling results predict great vari- 
ation in future fre-weather patterns for the northern portion 
of North America (Figure 3). The seasonal severity rating (SSR) 
of fire hazard increases over much of North America under 
both the HADCM2SUL and the CGCM1 scenarios. The wet- 
ter Hadley scenario produces some small decreases in SSR for 
the Northern Great Plains, and increases are generally less than 
10% over most of the rest of the continent. Some fire history 
studies suggest that the frequency of fire can decrease despite 
warmer temperatures because of increased precipitation (e.g., 
Bergeron and Archambault 1993). The warmer and drier 

CGCM1 produces a 30% increase in SSR for the southeast- 
ern United States and Alaska, with about 10% increases else- 
where. These scenarios suggest an increase in fire intensity and 
a 25550% increase in the area burned in the United States. 
In addition, recent results from the MC1 model, which is de- 
scribed by Neilson and Drapek (1998), show an increase in 
area and biomass burned under both scenarios. This model 
includes an interaction with CO, concentrations, which, 
through increased CO, fertilization and increased water-use 
efficiency, produces more biomass and thus more fuel, con- 
tributing to more and larger fires under a highly variable cli- 
mate that has dry years interspersed with wet periods. 
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Drought. Droughts occur in nearly all forest ecosystems. 
Drought effects are influenced by soil texture and depth; ex- 
posure; species present; life stage; and the frequency, duration, 
and severity of drought. Droughts occur irregularly in forests 
of the humid regions east of the Mississippi River and in the 
superhumid Pacific Northwest. Droughts occur annually at 
the end of the growing season in forests at the midcontinen- 
tal prairie-forest border, where annual precipitation ranges 
from 600-1000 mm, or within humid regions that have shal- 
low or rocky soils. Seasonal summer droughts are experi- 
enced by western interior dry forests that depend on winter 
precipitation, such as forests in the semiarid plains and in- 
termountain regions of the western United States. In some re- 
gions, droughts last several years. 

The primary immediate response of forests to drought is to 
reduce net primary production (NPP) and water use, which 
are both driven by reduced soil moisture and stomata1 con- 
ductance. Under severe conditions, plants die. Small plants, such 
as seedlings and saplings, are usually the first to die and can 
succumb under moderate conditions. Deep rooting and stored 
carbohydrates and nutrients make large trees susceptible only 
to severe droughts. Secondary effects also occur. When re- 
ductions in NPP are extreme or sustained over multiple grow- 
ing seasons, increased susceptibility to insects or disease is 
possible, especially in dense stands (Negron 1998). Drought 
can also reduce decomposition processes, leading to a buildup 
of organic matter on the forest floor that may increase fire fre- 
quency or intensity or reduce nutrient cycling. 

The consequences of drought depend on annual and sea- 
sonal climate changes and on whether the current drought 
adaptations are sufficient to confer resilience to new condi- 
tions (Hanson and Weltzin 2000). Forests tend to grow to a 
level of maximum leaf area that nearly fully uses soil water dur- 
ing the growing season (Neilson and Drapek 1998). A small 
increase in growing-season temperature could increase evap- 
orative demand, triggering moisture stress. New results from 
two models described by Daly et al. (forthcoming), MAPSS 
and MC1, suggest that this mechanism may cause future in- 
creases in drought stress in the Southeast, southern Rockies, 
and parts of the Northwest. The MC1 model indicates that the 
Prairie Peninsula and Great Lakes region, parts of the North- 
west, and the Gulf Coast could experience drought stress 
within two decades, even though these regions may become 
wetter in later decades. 

Insect and pathogen outbreaks. Climate influences 
the survival and spread of insects and pathogens directly, as 
well as the susceptibility of their forest ecosystems. Changes 
in temperature and precipitation affect herbivore and pathogen 
survival, reproduction, dispersal, and distribution. Indirect 
consequences of disturbance from herbivores and pathogens 
include elimination of nesting trees for birds and negative ef- 
fects on mycorrhizal fungi (Gehring et al. 1997, Ayres and 
Lombardero 2000). Other indirect effects include the im- 
pacts of climate on competitors and natural enemies that 
regulate the abundance of potential pests and pathogens. 

Changes in the intensity and frequency of herbivore and 
pathogen damage in forests can have a range of effects. Most 
tree species support a community of other organisms, so the 
loss of any tree species can significantly reduce overall bio- 
diversity. Such a loss occurred when chestnut blight almost 
completely eliminated chestnut trees (Opler 1979); the die- 
off of Fraser fir (Abies fraseri) caused by balsam woolly adel- 
gid (Adelges piceae) also raises concerns. Herbivore and 
pathogen damage to trees can increase understory plant di- 
versity (Stone and Wolfe 1996); the overall abundance and di- 
versity of birds (Bennetts et al. 1996); and the diversity of 
predators, parasitoids, and detritivores (Savely 1939). 

Because climate change can both directly and indirectly af- 
fect herbivores and pathogens through various processes, 
the ultimate effects on patterns of disturbance include in- 
creased disturbance in some areas and decreased disturbance 
in others. For example, an increase in the interannual varia- 
tion in minimum winter temperatures is expected to favor 
more northerly outbreaks of southern pine beetles but could 
reduce more southerly outbreaks (Ungerer et al. 1999). Sim- 
ilarly, decreased precipitation and increased evapotranspira- 
tion should boost tree secondary chemical metabolism (and, 
therefore, resistance to pests) in forests that currently suffer 
modest growing-season water deficits (Reeve et al. 1995). 

If global warming shifts species abundances, there may be 
associated shifts in herbivory. Compared to the cooler Paleo- 
cene, the Eocene had a greater diversity of herbivores and 
higher attack rates on the most abundant tree species (Wilf 
and Labandeira 1999). Increased warming would most likely 
increase the diversity of insects at higher latitudes. Because in- 
sects typically migrate much faster than trees, many temper- 
ate tree species are likely to encounter nonnative insect her- 
bivores that previously were restricted to subtropical forests. 

Introduced species. Introduced species can affect forests 
through herbivory, predation, habitat change, competition, al-
teration of gene pools via hybridization with natives, and 
disease (as either pathogens or vectors). Introduced species 
can alter the diversity, nutrient cycles, forest succession, and 
fire frequency and intensity of some ecosystems. The effects 
of introduced species should be considered concurrently 
with changes in native species distribution and abundance that 
occur as a consequence of climate change (Hansen et al. 
2001). The impact of introduced species on ecosystems is in- 
fluenced by such climatic factors as temperature, drought, and 
cloud cover (Ayres 1993). Invasion biology is not yet adept at 
forecasting impacts of invasions (Williamson 1999). The 
complex interactions among introduced species, native com- 
munities, managed and intensely harvested forests, and cli- 
mate change compound this forecasting problem (Simberloff 
2000). 

The ultimate ranges of introduced species are largely de- 
termined by climate and human activities. Climate change will 
modify the distributions of many introduced species. Devel- 
opmental rates will be modified by temperature change. For 
example, laboratory studies of balsam woolly adelgid grow- 
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ing under various temperature conditions provided the ba-
sis for simulations that suggest that temperature-induced 
changes in the population dynamics of the insect signifi-
cantly affect Fraser fir survival (Daleet al. 1991). 

The great majority of introduced species do not survive 
(Williamson 1999).Many fail because the climate is unsuit-
able at their points of arrival.Thus, a changed climate will lead 
to a differentmix of survivingand failing species.In general, 
one might expect a larger fraction of survivors when the cli-
mate is warmer; introduced species comprise a far larger 
fraction of the biota in the warmer areas of the United States 
(Simberloff 1997). 

Increased CO, can directly influence introduced plants 
through enhanced photosynthesis, but at different rates for 
different species. Resistanceof trees to introduced herbivores 
is sensitiveto both climateand CO, concentrations. Climate 
change,in concert with CO, concentration and nitrogen de-
position, affects leaf nitrogen, which in turn influences her-
bivory. 

Hurricanes. Hurricanes disturb forests of the eastern and 
southern coastlines of the United States,as well as those of the 
Caribbean islands and the Atlantic coast of CentralAmerica. 
Ocean temperaturesand regionalclimate events influencethe 
tracks,size,frequency,and intensity of hurricanes (Emanuel 
1987).An average of two hurricanes make land every 3years 
in the United States (Hebertel al. 1996).Global warming may 
accelerate the hydrologic cycle by evaporating more water, 
transporting that water vapor to higher latitudes, and pro-
ducing more intense and possibly more frequent storms 
(Emanuel 1987, Walsh and Pittock 1998). However, other 
variations may override possible increases in hurricane fre-
quency (Lighthillet al. 1994). 

Changes in the global hydrologic cycle and temperaturewill 
influence hurricane formation, but we cannot yet predict 
the direction and magnitude of change.Sea-surfacetemper-
atures are expected to rise, with hotter temperatures ex-
panding to higher latitudes (Royer et al. 1998, Walsh and 
Pittock 1998).Most studiespoint to an increase in hurricane 
frequency (Royer et al. 1998). However, even if frequency 
does not increase, it is likely that intensity and possibly du-
ration of individual stormswdl increasebecause of the warm-
ing of the air and ocean, sources of energy for a hurricane 
(Emanuel 1987,Walsh and Pittock 1998). 

The effects of hurricanes on vegetation include sudden 
and massive tree mortality,complexpatterns of tree mortal-
ity (includingdelayed mortality),and altered patterns of for-
est regeneration (Lugo and Scatena 1996,Lugo 2000).These 
changes can lead to shiftsin successional direction,higher rates 
of species turnover, and opportunities for species change in 
forests, which can in turn increase landscape heterogeneity, 
produce faster biomass and nutrient turnover, and result in 
lower abovegroundbiomass in mature vegetation (Lugo and 
Scatena 1995).Hurricanescan also result in buried vegetation 
and carbon sinks. 

Windstorms.Small-scale wind events are products of 
mesoscaleclimaticcircumstancesand thus may be affectedby 
climate changes,although the type and amount of alteration 
in windstorm characteristics cannot be predicted because 
these smaller-scaleevents are below the resolution of today's 
GCMs.Yet, tornadoes, downbursts, and derechos (aseries of 
storm cells along a squallline) areprobablythe most important 
agents of abiotic disturbance to eastern deciduous forests 
(Peterson 2000). These disturbances can create very large 
patches of damage:A windstorm on 4 July 1999in the Bound-
aryWaters CanoeArea of Minnesotaflattened roughly 250,000 
acres of forest (Minnesota Department of Natural Resources 
press release, 12 July 1999).Windstorms can cause heavy 
mortality, produce canopy disruption, reduce tree density 
and size structure,and change local environmental conditions. 
Consequently,the disturbance may trigger advance regener-
ation, seed germination, and accelerated seedling growth 
(Peterson and Pickett 1995).These effects can change suc-
cessional patterns, gap dynamics,and other ecosystem-level 
processes.The relationshipbetween wind strength and sever-
ity of disturbance is not constant across different forests and 
species; although shallow-rootedspecies and thinned stands 
may be especiallyvulnerableto wind events,multiple factors 
influence tree response to high winds. 

Berz (1993)suggests that increased intensity of all atmos-
pheric convective processes will acceleratethe frequency and 
intensity of tornadoes and hailstorms. Consistent with this 
view, Karl and colleagues (1995a)found that the proportion 
of precipitation occurringin extremethunderstorm events in-
creased in the United Statesfrom 1910to 1990,and Karl and 
colleagues (1995b) further suggest that the climate of the 
United States has become more extreme (in terms of tem-
perature and precipitation anomalies) in recent decades. 
Thus, it appears that the thunderstorm conditions that con-
tribute to tornado formation have increased and are likely to 
continue increasing under projected climate changes. Fur-
thermore,Etkin (1995)found a positive correlationbetween 
monthly tornado frequency and mean monthly tempera-
ture in western Canada,and inferredthat this relationshipsug-
gests increasedtornado frequencyunder awarmer climate sce-
nario. Despite these inferences about tornado frequencies 
and the direct data on thunderstorm trends, understanding 
of tornado genesis is still inadequate to allow a direct forecast 
of how climate change will affect the frequencyor severityof 
windstorms in the next century (ChuckDoswell [NationalSe-
vere Storms Laboratory],personal communication, 2000). 

Ice storms. Ice stormsare caused by rain fallingthrough sub-
freezing air masses close to the ground; those air masses su-
percool the raindrops, which freeze on impact. Ice accumu-
lation can vary dramatically with topography, elevation, 
exposure,and areal extent of the region over which conditions 
favor glaze formation.Ice stormsoccur throughout the United 
States except along the southwesternborders and parts of the 
plains, but the frequencyand severity of ice storm events in-
crease toward the northeastern US borders. However, the 
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historic record of ice-storm events over large areas has not been 
consistent or precise, with rigorous measurements of ice ac-
cumulation. 

Ice storms affect trees, forests, and forested landscapes in 
different ways. Ice damage to trees can range from severing 
a few twigs, to bending stems,to moderate crown loss,to out-
right breakage of trunks. Depending on stand composition, 
amount and extent of ice accumulation, and stand history, 
damage to stands can range from light and patchy to total 
breakage of all mature stems (Irland 1998).Effects on forest 
stands include shifts in overstory composition in favor of 
more resistant tree species,loss of stand growth until leaf area 
is restored,and damageto stem form (Irland2000).Damaged 
stems are then more susceptible to the impacts of insects 
and disease (Smith 2000). Recently thinned stands can be 
highly vulnerable because crowns have spread into the new 
space but branch strength has not developed. Several tree 
species can survive within areas frequented by ice storms. 
Thoughweather conditionsproducingice stormsarewell un-
derstood, it is unclear how changesin climate will affect their 
frequency,intensity, regional location, or areal extent. How-
ever,atmosphericwarmingwill most likely shift the locations 
of prevailing ice storms northward. 

Landslides. Both slow and rapid movements of soil, rock, 
and associatedvegetation are triggered directlyby climatefac-
tors and indirectly by climate-influenced processes (e.g., 
stream-bank erosion) and by nonclimate factors such as 
earthquakes and volcanism. Triggering climatic events in-
clude snowmelt and intense rainfall,includingthat associated 
with hurricanes.Landslide frequencyand extent areinfluenced 
by precipitation amount and intensity; snow accumulation, 
melt rate, and distribution;and roads and other land uses. The 
potential for a site to slide is influenced by slope steepness, 
properties of soil and rock, and hydrologicfactors.Vegetation 
influences the likelihood of sliding through the soil-
stabilizingeffects of root systems and the effects of vegetation 
structure and composition on hydrology. Landslidesremove 
soil and vegetation from steep slopes and damage forests on 
gentler slopes where landslide deposits come to rest. Landslides 
in forest landscapes can also damage aquatic resources and 
threaten public safety.Yet it is important to recognize that land-
slides are natural components of terrestrial and aquatic 
ecosystems. 

Climate-changeeffectson landslides reflect changes in the 
delivery of water to soils through altered precipitation and 
snow hydrology (Buma and Dehn 1998). Because climate 
change is expected to vary geographicallyand with elevation, 
landslideresponses will vary with similar complexity.Land-
slides are expectedto be less frequent in areas where GCM sce-
narios predict reduced overall precipitation or reduced 
snowmelt because of warming trends, limiting snow accu-
mulation (Bumaand Dehn 1998,Dehn forthcoming). In the 
Pacific Northwest, much of the small, rapid landsliding oc-
curs during rain-on-snow events in a broad elevation band 
where snow accumulatesand melts several times in an aver-

age year.A simple warming without change in overallannual 
precipitation would be expected to result in reduced sliding 
by limiting the amount of snow (and its associatedsnowmelt) 
available to augment the rainfall reachingthe soil. The most 
sociallyand ecologicallysignificantlandslidesare triggered by 
intense precipitation. Thus climate change that increases 
storminess,and hence soil saturation, will increase landslide 
occurrence. 

Interactions among disturbances. Many disturbances 
are cascading.Drought often weakens tree vigor,leading to in-
sect infestations,disease,or fire. Insect infestations and dis-
ease promote futurefires by increasingfuel loads,and hes  pro-
mote future infestations by compromising tree defenses. 
Increased fire intensity or extent would enhance the poten-
tial for landslides. Also, changes in land use, forest manage-
ment, and atmospheric chemistry can interact with these 
natural disturbances. For example, harvest and road estab-
lishment in landslide-prone areas coupled with increased 
wetness could result in more landslides. In the southern Ap-
palachians,ozone exposure coupled with infestations of ex-
otic insects and climate change may increase Fraser fir mor-
tality and red spruce stress. In some cases, however, the 
combination of disturbancesmay ameliorateimpacts.Under 
droughty conditions, stomata tend to close, reducing the ef-
fects of high ozone exposure. 

Nevertheless,when ecosystemsexperience more than one 
disturbance,the compounded effectscan lead to new domains 
or surprises (Paine et al. 1998).A new domain is entered 
when the system has not recovered from the first disturbance 
before a second perturbation occurs, leadingthe system to a 
new long-term condition. For instance, the combination of 
climatically driven wildfires, fragmentation caused by agri-
culturalsettlement,and logging in the boreal forest has resulted 
in significant and unprecedented changesin forest composi-
tion (Weir 1996).Invasive nonnative species are sometimes 
able to modifyexistingdisturbance regimes or introduce en-
tirely new disturbances (Mackand D'Antonio 1998).Under 
climate change, these compounded interactions may be un-
precedented and unpredictable. They are likely to appear 
slowly and be difficult to detect because trees live for so long. 

Strategies for dealing with 
forest disturbances 
Copingstrategiesfor forestsare influencedby the value of the 
forest, the naturalness of the disturbance,and the range of ac-
ceptable management options.Often the least ecologicallydis-
ruptive response after a disturbance is no action at all, but 
managers or society usually call for some type of cleanup or 
restoration,even when such action may retard recovery (Dale 
et al. 1998a).The value and management goals for the forest 
dictate how many resources can be allocated to its manage-
ment. These values can change, as is illustrated by the revision 
of burn policy to recognize fire as a natural part of forest de-
velopment that should not always be controlled. 
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Table2. Coping strategies for dealing with disturbance 
effects onforests. 
Managing the system before the disturbance 

To reduce vulnerability: 
Altering forest structure (e.g., tree spacing and density, 
standing dead trees, or coarse woody debris on forest floor) 
Modifyingthe landscape structure (e.g., the size or location 
of management activity) 
Changing species composition (e.g., planting alternative 
species) 

To enhance recovery: 
Altering structure (e.g., enhancing advance regeneration) 
Adjusting species composition (e.g., planting alternative 
tree species) 

Managing the disturbance 
To reduce the opportunity for the disturbance to occur (e.g., 
regulating nonnative species introductions or use of fire) 
To reduce the impact of the disturbance (e.g., rapid response 
to control insects, pathogens, or fire) 

Managing recovery 
To speed recovery (e.g., adding structural diversity, planting 
latesuccessional species, or reducing environmental stress) 
To reduce vulnerability to future disturbances (e.g., managing 
tree density, species composition, forest structure, and 
location and timing of management activities) 

Monitoringfor adaptlve management 
To measure the state of the forest with and without 
disturbance 
To determine interactions between disturbances 

The ability to manage for these eight disturbances varies 
greatly. However, current understanding of the disturbance 
nearly always provides some guidance for management un-
der a future changed climate.Coping strategies for one dis-
turbance type are often appropriate management responses 
to other disturbance types. For example, the removal of dead 
or dyingtrees and downed woody debris can reduce the risk 
of fire as well as alter insect and disease dynamics. Density 
management can reduce drought stress as well as alter insect 
population dynamics, but it could make forests more sus-
ceptible to wind. Thus, management effects are not always pos-
itive. Strategiesfor copingwith disturbancesin forestsmay also 
vary regionally. No matter where they are carried out, how-
ever, these practices often take 50-100 years to convert a 
landscape,and they are difficult to implement on inaccessi-
ble sites or in reserves. 

We organize the coping strategies into several categories: 
managingbefore the disturbance,managing the disturbance 
itself, managing the recovery, and monitoring for adaptive 
management (Table 2). These options are presented inde-
pendent of climate-changeeffects but with the understand-
ing that climate may alter the disturbance regime. 

Managing before a disturbance. Before a disturbance 
occurs, forests can be managed to reduce vulnerabilityor to 
enhance recovery.In both cases,management actions can al-
ter the structure or the compositionof the forest. In situations 
where the goal is to reduce the chance of future disturbances, 
adjustments to forest structure can be useful. For example, 
speciesor individualtrees susceptibleto ice or wind stormscan 
be removed, as is common in cities.In addition, tree spacing 

and density can be altered to reduce susceptibilityto drought. 
However,dead woody debris has numerousbenefits (Harmon 
et al. 1986),and its extensive removal can affect the biota and 
nutrient cycling. Managers can also change species composi-
tion to reduce the vulnerability of forests to disturbances. 
Tree species that are less vulnerable to fire, droughts, wind, 
insects, or pathogens can be planted or maintained. For 
example, the colonizationof phloem-feedinginsects,such as 
bark beetles,is partially controlledby the ability of the tree to 
produce oleoresin, which is under genetic control. So, plant-
ing selected tree species and genotypeswith relativelyhigh ole-
oresin could limit insect outbreaks. 

Landscape structural changes can also reduce the chances 
that future disturbances will damage the forest. The pattern 
of clear-cuttinginfluences the potentialfor windstorms to blow 
down trees, because destructive winds are more prevalent 
along the edge of a cut (Savill 1993).And the placement of 
roads can influencethe likelihood of future landslidesand the 
spread of wildfire. 

Management can be designedto reduce the opportunityfor 
disturbance to occur. Examples are regulationsthat limit the 
introductions of nonnative species,the imposition of burn-
ing restrictions, and the use of controlled burns to reduce fuel 
loads.Trees can be planted that are less susceptible to distur-
bance. Species that promote disturbances can be removed. 
Density of trees can be managed to reduce the potential for 
future insect outbreaks or storm damage. Finally, roads can 
be designed to reduce the potential for landslides. 

Other management actions can enhance forest recovery. 
Forest structure can be modified to speed up the succes-
sional process in the event of a disturbance. Alternatively, 
speciescompositioncan be adjusted to promote recovery. For 
example, in areas likely to experience a disturbance, trees 
with salvage value can be planted. 

Managing the disturbance. Some disturbances,such as 
fire, insects,disease,and drought, can be managed during the 
disturbance through preventive measures or manipulations 
that affect the intensity or frequencyof the disturbance. Al-
ternatively, the disturbance can be managed to reduce its im-
pact. A commonway to control outbreaksof the southernbark 
beetle is to be on the alert for sites experiencingsome beetle 
damage,then to cut those trees quickly to reduce the size of 
the area affected. Fire control is another example of a man-
agement action to reduce the impact of a disturbance. 

Managing the recovery.Recovery efforts can focus either 
on managing the state of the system immediatelyafter the dis-
turbance (e.g., salvage logging) or managing the ongoing 
process of recovery (e.g.,planting and reseeding).Recovery 
efforts need careful consideration of the long-term impacts 
because such actions can damage soils and residual trees. 
Stands can recover naturallywithout any removal of the dead 
or damaged trees. 

Recovery actions can be designed to speed recovery. In 
the aftermath of a disturbance, recovery can be enhanced by 
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Table 3. Research questions about how disturbances affectforests in the face of climate change. 
(The numbers refer to the interactions indicated in Figure 4.) 

1.Improved understandingof climatological conditionsthat initiate disturbances 

What are the average and range of climatechange predictions? 

What information about climate and weather forecasts are needed to improve both short- and long-term predictions of disturbance effects on 
forests? 

How do interactions between forest structure and function and climate affect disturbances? 

How does climate variability interact with the temporal and spatial variability of forest disturbances? 

2. Better informationon how disturbances and land-use changes affect climate 

How do changes in forest structure caused by disturbance influence weather and climate? 

Can hurricanes transport enough heat and moisture to alter climate? 

3. Quantifyingthe impacts of disturbances on forests 

What are the average and range of the frequency, intensity, and spatial extent of forest disturbances? 

What are the major environmental factors affecting forest disturbance regimes? 

What are the major impacts of disturbance on forests? 

What patterns of species composition and yield are altered by disturbances (especially at the margin of species ranges)? 

What are the long-termeffects of a disturbance, and how can they be quantified? 

4. Interactions among forest disturbances and management 

What information is needed to understand the response of a forest to multiple disturbances? 

How do forest disturbances interact? 

What options exist for managingforests in the face of climate change? 

How should forests be monitored to best inform management of impending changes? 

adding structural elements that create shade or other safe sites 
necessary for reestablishingvegetation or that serve as perches 
for birds (and thus places where seeds would be dispersed). 
Alternatively,late successionalspecies can be planted to speed 
up succession.Finally,additions of water or nutrients can re-
duce environmental stress and facilitate restoration. Recov-
ery can also be managed to reduce vulnerabilityto future dis-
turbances. 

Monitoring for adaptive management. A monitor-
ing program should be used to determine how disturbances 
affect forests and to continually update our understanding of 
how climate change is potentially influencing the distur-
bance regimes. Monitoring can be designed to measure the 
state of the forest with and without disturbance under different 
management activitiesor to identify potential risks of forest 
disturbances.Such informationis used to inform management 
of the potential outcomes of management actions. 

Although many coping strategiesassociatedwith these dis-
turbances could be incorporated into current forest-
management practices regardless of climate change, the po-
tential changes in climate may create a novel disturbance.For 
example, climate change may allow the migration of non-
indigenous speciesinto a forest, and current understanding 
of interactions and coping strategies may not apply to the 
resulting competitive interactions between nonindigenous 
and native species.Adaptive management approaches man-
agement as a continual learning process (Walters 1986). 
The continued monitoring of ecosystem structure and func-
tion could be part of the coping strategy to address the 
likely surprises. The impacts of insectsand pathogens are al-
ready monitored through the Forest Health Program, and 

weather and fuel moisture are monitored to assess the risk 
of fire during the fire season. However, few surveys quan-
tify the extent and severity of damage from wind and ice 
storms or landslides. 

Information from monitoring programs could be used to 
update risk assessmentsin management plans and prescrip-
tions in an adaptive-management sense.A risk-ranking sys-
tem could identifyaspectsof the forest most susceptibleto dis-
turbance under a changing climate. In conjunction with 
spatiallyexplicit modeling of the site under various scenar-
ios of disturbance impacts,a risk map could be created to iden-
tify sites most in jeopardy (Dale et al. 1998b). 

Research needs 
A key feature of this analysis is the realization of our lack of 
knowledge in many critical areas. The numbered aspects of 
Figure 4 depict major interactions about which more infor-
mation is needed. We determined the key research needs for 
each disturbance and then organized the questions that must 
be resolved into the six topics discussed below. Examples of 
broad research questions are given in Table 3. Such research 
will lead to better management decisions. 

Understandingclimatological conditions that ini-
tiate disturbance. Accurate projections of climate effects 
of disturbances require improved climate and weather fore-
casts.The projectionsshould include not only average climate 
conditions but also their range and variance. Short-term 
weather forecasts will be needed to predict drought occur-
rences for existing forests. For long-term climate change pro-
jections, improved resolution in climate models is needed so 
that regional patterns can be projected. 
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I Management econ-

Figure 4. Interactions among disturbances, climate 
change,forests, and management strategies. The 
numbered arrows are the focus of research questions 
addressed in Table 3. The lettered interactions are 
covered in other analyses; A and B are discussed 
elsewhere in this issue of BioScience, and C is discussed 
by Houghton et al. ( 1996).Management would include 
information from the social and political arenas as well 
asfeedbacks from disturbances, climate change, and the 
forests themselves. 

We have limited understanding of what climatological 
conditions lead to some disturbances. Improved under-
standing of local meteorological events that spawn torna-
does is needed, as well as improved projections of condi-
tions that foster thunderstorms. Our ability to predict the 
occurrence of fires and hurricanes has benefited from re-
search that allows managers to focus their attention on sites 
most likely to be disturbed. However, some disturbances re-
sult from interactions between ecological and climatological 
condtions that are often poorly understood.For example,bet-
ter monitoring is needed to improve the characterization of 
ice accumulation in relation to storm characteristicsand as-
sociatedweather, especially the delineation of areas by amount 
of ice accumulation. Once the relationship between climate 
and disturbances has been quantified, more-accurate pre-
dictions of disturbances can be developed to minimize their 
impact. 

Understanding the efJects of disturbances on mi-
croclimate.Because land-cover patterns can affect atmos-
pheric circulation and cloud formation (Segal et al. 1988), 
changes in forest structure in the aftermath of fire, wind or 
ice storms, hurricanes, landslides, drought, and pest out-
breaks may alter weather or climate conditions. This inter-
action needs to be studied and better understood. 

Quantifjting impacts of disturbances on forests. 
There is a paucity of basic information on the frequency, in-
tensity, and spatial extent of some disturbances and their 
impacts on forests.This problem is especially severefor land-

slides, ice storms, and small wind events. For example, re-
constructive studies should be done to determine the long-
term influence of successive ice storms on forests.Such analy-
sis also allows exploration of interactionsbetween disturbances 
and delayed responses. 

Research should identify herbivores and pathogensthat are 
likelyto be key agentsof forest disturbance in the next 50 years. 
Integrated continental surveys are needed to determine the 
sensitivity of different types of pests and diseases to envi-
ronmental change and the potential for increased outbreaks 
of insect herbivores and pathogens at the margins of their ex-
isting ranges. 

Interactions betweenforest disturbancesand man-
agement. Our ability to manage forests now as well as un-
der climatechange rests on our understanding of how forests 
respond to multiple disturbance events. A better under-
standing of interactions among fire, hurricanes, and biolog-
ical disturbances (such as insects, pathogens, and introduced 
species) would improve our long-range predictions about 
forest succession and ecosystem dynamics and would lead to 
better prediction of conditions under which one event would 
affect the response to a subsequent one. This understanding, 
however, is complicated by the diverse goals of forest man-
agement (e.g.,fiber products,wildlife habitat,biodiversity,and 
recreation). 

Somemanagement practices have been developed to cope 
with the physical disturbances of droughts, hurricanes, and 
wind events (Savill1993).However,additional research could 
expand options for management. Research is needed on the 
mitigation of hurricane impacts (i.e.,how to hurricane-proof 
landscapes and how to design protected areas, for example, 
determining what their area, shape, and distribution should 
be). Forest ecologists and land managers are exploring the 
prospects for tailoring forest management regimes to the 
range of ecosystem conditions and wildfire disturbance 
regimes observed in the past, and in some cases to those an-
ticipated under future climate conditions. For drought, new 
field experiments could test forest sensitivity to specific 
climate-change projections in combination with changes in 
the concentration of atmospherictrace gases. How the genetic 
diversityof host plants will determine the future epidemiol-
ogy of forest pathogens needs further exploration.Critical evd-
uations of known patterns of species change and yield fol-
lowing past climate changes are needed, along with models 
of succession that incorporate disturbance processes. 

Conclusions 
Over geologic time, changes in disturbance regimes are a 
naturd part of d l  ecosystems.Even so, as a consequenceof cli-
mate change,forests may soon face rapid alterationsin the rim-
ing, intensity, frequency, and extent of disturbances. The 
number and complexityof climatevariables related to forest 
disturbance make integrated research an awesome challenge. 
Even if changes cannot always be predicted, it is important 
to consider ways in which impacts to forest systems can be 
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mitigated under likely changes in disturbance regimes. The 
task for the next decade is to understand better how climate 
affects disturbances and how forests respond to them. Im- 
proved monitoring programs and analytic tools are needed 
to develop this understanding. Ultimately, this knowledge 
should lead to better ways to predict and cope with distur- 
bance-induced changes in forests. 
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