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Abstract

Climate change affects forests both directly and indirectly through disturbances. Disturbances are a natural and
integral part of forest ecosystems, and climate change can alter these natural interactions. When disturbances exceed
their natural range of variation, the change in forest structure and function may be extreme. Each disturbance affects
forests differently. Some disturbances have tight interactions with the species and forest communities which can be
disrupted by climate change. Impacts of disturbances and thus of climate change are seen over a board spectrum of
spatial and temporal scales. Future observations, research, and tool development are needed to further understand
the interactions between climate change and forest disturbances. Q 2000 Elsevier Science B.V. All rights reserved.
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Climate change is predicted to affect future
forest conditions by altering forest processes
Ž .Aber et al., 2000, in review and biodiversity
Ž .Hansen et al., 2000, in review . While economic
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forces may compensate for some monetary reper-
cussions of climate change impacts on forests,
changes in productivity, carbon sequestration,
forest water resources and the way people relate

Ž .to the forests such as recreation may be less
Ž .resilient to change Irland, 2000, in review . How-

ever, all of these impacts are moderated by inter-
actions between climate, disturbances, and forests
Ž .Dale et al., 2000, in review . Therefore, it is
important to understand how particular distur-
bances influence forests and are affected by cli-

Ž .mate change Fig. 1 . This special feature of the
Science of the Total En¨ironment focuses on seven
disturbances common to forests and explores how
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Fig. 1. The interaction between climate change, disturbances,
and forests.

these disturbances affect forests and how they
may be altered by climate change. These key
forest disturbances are fire, drought, introduced
species, insect and pathogen outbreaks, hurri-
canes, wind storms and ice storms.

Disturbances are a natural and integral part of
forest ecosystems. The process of forest succes-
sion occurs only in the aftermath of disturbances.
Some forest species exist solely in disturbed sites.
For example, long-leaf pine forests depend on low
intensity fires every few years which reduce hard-
wood ingrowth and kill seedlings of other compet-
ing pine species. But when disturbances exceed
their natural range of variation, the change in

wforest structure and function may be extreme as
Ž .Ayres and Lombardero 2000, this issue discuss
xfor pests and pathogens . Furthermore, the fre-

quency, size, intensity, seasonality, duration, and
type of the disturbances often depend on weather

wand climate in addition to site characteristics as
Žreviewed for wind storms by Peterson 2000, this

.x Ž .issue Fig. 1 . The Yellowstone fire of 1988
burned over 250 000 ha due to the prolonged

Ždrought and high winds Renkin and Despain,
.1992 . As a long-term phenomenon, climate

change is likely to interact with other types of
forest disturbance.

Impacts of disturbances are seen over a broad
spectrum of spatial scales, including those of the
leaf, the tree, the forest, and the forested land-
scape. Disturbances can reduce leaf function, de-
form tree structure, cause tree death, alter regen-
eration patterns by destroying seed banks, disrupt
the physical environment via soil erosion or nutri-

ent loss, and increase landscape heterogeneity
such as patchiness of forest communities. Intro-
duced invasive species can impact forest ecosys-
tems through herbivory, predation, habitat de-
struction, competition, loss of gene pools through
hybridization with natives, and disease by either
causing or carrying the disease. Outbreaks of
native insects and diseases can result in similar
impacts on forests. At the scale of a forest stand,
introduced species as well as outbreaks of native
insects and diseases can alter natural processes,
such as nutrient cycles, and fire frequency and
intensity.

Some disturbances have tight interactions with
the species and forest community. Some tree
species have developed mechanisms of adaptation
as a result of the repeated occurrence of these
disturbances over time. Thick bark on some
species allows their survival in ground-level fires.
Repeated ground-level fires in western forests,
reduce intermediate-height vegetation which can
serve as fuel between the surface and the crown.
Thus these repeated ground-level fires reduce the
occurrence of stand-killing crown-level fires.

Each disturbance affects forests differently.
Some cause large-scale tree mortality, whereas
others affect community structure and organiza-

Žtion without causing massive mortality e.g.,
.ground fires . Forest 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 re-
source extraction, agriculture, urban and subur-
ban expansion, and recreation. Some disturbances
can be functions of both natural and human

Ž .influences e.g., forest fire ignition and spread .
A challenge to understanding effects of climate

change on forests is not only obtaining informa-
tion on the impacts of temperature and precipita-
tion on forests but also acquiring knowledge about
how climate change affects disturbance and how

Ž .disturbances affect the forest system Fig. 1 . The
outcomes of disturbance impacts on forests are

w Žoften not easy to predict e.g., Lugo 2000, this
.issue presents 12 possible outcomes of hurri-

xcanes in tropical forests . Furthermore, new dis-
turbances, such as the invasion and spread of
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introduced species can cause heretofore unfore-
Žseen effects on forests Simberloff, 2000, this is-

.sue .
Forests affect climate as well. Predicted climate

changes are thought to result from increasing
concentrations of atmospheric CO and to be2

Žgradually warming the planet Houghton et al.,
.1996 . About a quarter of the increase in atmo-

spheric CO comes from deforestation, and thus2
forest distribution has an impact upon global

Ž .climate Fig. 1 . On local, regional and global
scales, the distribution of trees can affect precipi-

Žtation patterns Shukla and Sellers, 1990; Foley et
.al., 1998; Pielke et al., 1998 .

The link between climate change and distur-
bances needs to be formally integrated into our
understanding of climate change. There are rela-
tively few field studies on how climate change
interacts with forest disturbances. Fires and
droughts are the cases where such interactions
have been explored with field experiments
ŽFlannigan et al., 2000, this issue; Hanson and

.Weltzin, 2000, this issue . Nevertheless, we believe
it is essential to use a diversity of tools to explore
all interactions between climate change and these
forest disturbances. Key tools for understanding
impacts of climate change are spatially-explicit
models that build upon monitoring data on im-
pacts of climate on disturbances, methods of
observing effects of both climate and disturbances
upon the function, structure, and composition of
ecological systems, and field, laboratory, and
greenhouse experiments that explore these rela-
tionships. Models are needed to predict impacts
of future climate change on the environment be-
cause future precipitation and temperatures are
likely to be very different from the conditions
experienced in the past.

Translating climate change to forest impacts
requires an understanding of the spatial distribu-
tion of the changes in precipitation and tempera-
ture because each forest type responds to climate
in unique ways, partially dependent upon their
current environmental conditions. General Circu-

Ž .lation Models GCMs are often used to project
the spatial distribution of change in climate con-
ditions. However, few models are available to
project how climate change affects the frequency,

intensity, extent, or duration of disturbances. In
the articles that follow, fire hazard was the only
disturbance analyzed under different climate sce-

Ž .narios Flannigan et al., 2000, this issue . Envi-
ronmental models that can project the impact of
these changes in disturbances onto forest dy-
namics are also rare. However, enough attention
has been paid to modeling drought effects on

Ž .forests that Hanson and Weltzin 2000, this issue
call for coupling better climate predictions at
regional scales with field-based experiments based
on their review of modeling approaches.

Such interactions between climate, distur-
bances, and forest systems may be critical in
determining how climate change expresses its ef-
fects on forests. For example, changes in species
diversity are most quickly apparent after a distur-
bance has cleared the landscape and species
adapted to the new climate become established.
Because forests are so long-lived, it may be that
many climate change effects on forests are most
easily observed in places where the successional
pathway has been disrupted by a disturbance.
Forest management practices may be imple-
mented so that managed forests can deal with
new disturbance regimes under climate change.
For example, trees with thick bark can be planted
in fire-prone sites or forests can be thinned to
increase tree survival during drought.

This set of papers documents areas where re-
search is needed to further our understanding of
the interactions between climate change and
forest disturbances. The need for disturbance
models and field experiments has already been
mentioned. In addition, there is a clear need for
better understanding of how climate conditions

Žaffect disturbance regimes their frequency, in-
.tensity, duration, and extent . Developing this un-

derstanding will require climate projections at a
scale relevant to forest disturbances as well as
better data on disturbance impacts. At the same
time, a better understanding of how disturbances
affect microclimate needs to be developed. Fi-
nally, the interactions between forest manage-
ment and disturbance need to be improved, for
human actions can impede, mitigate or facilitate
the interactions. In summary, we see that the
interactions between climate change and forest
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disturbance are an important area of research
and hope that this set of papers will stimulate
further thought and research activities.
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