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“This is how it happens,” the Dinosaur said.
“Drought, fire, hurricanes and floods. Throw in a
little radon, and the next thing you know, you're
extinct.”

—Steve Palay in The Oregonian, Sept. 25, 1988
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L INTRODUCTION

Dense coniferous forests characterize the Pa-
cific Coast of-northwestern North America.
Such species as Douglas fir (Pseudotsuga men-
ziesii), western hemlock (Tsuga heterophylla),
western red cedar (Thuja plicata), and Pacific
silver fir (Abies amabilis) are dominant trees.
Both the species and the forest stands are
noted for their potential longevity and pro-
ductivity (Franklin and Dyrness 1973, Frank-
lin 1988). The natural forests in this region
have, on average, the largest organic matter
accumulations per unit area of any major
plant formation in the world (Franklin and
Waring 1981).

It has been suggested that the humid tem-
perate climatic regime of the Pacific North-
west buffers the forests against global climatic
change (e.g., Woodman 1987). In fact, north-
western forests are probably quite vulnerable
to major climatic shifts. This is because the
most important environmental variable af-
fecting the composition and function of these
forests is the effective moisture regime (a
product of temperature and precipitation)
during the relatively dry summers (e.g., War-
ing and Franklin 1979, Zobel et al. 1976). Dif-
ferences in moisture regime produce dra-
matic local and regional gradients in the
species composition and ecosystem func-
tioning (e.g., rates of productivity and nu-
trient cycling) of these forests. Locally this
is evidenced in sharp differences between
slopes having different aspects. Regional gra-
dients, from coastal Sitka spruce (Picea sit-
chensis) to interior ponderosa pine (Pinus pon-
derosa) forests, are also related primarily to
moisture regime (e.g., Grier and Running
1977, Gholz 1982). These climatic consider
ations suggest great potential sensitivity to
global climate change in northwestern for-
ests. The most important catastrophic forest
disturbances on the Pacific Coast—wildfire
and windstorm—are also climatically driven,
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indicating significant additional mechanisms
for indirect influences of global climate
change (e.g., Hemstrom and Franklin 1982,
Agee and Flewelling 1983, Henderson and
Peter 1981).

This chapter explores the potential effects
of some proposed changes in global climate
on the coniferous forests of the Pacific North-
west. We have accepted the scenarios for
global climatic change provided by several
existing global circulation models (Hansen et
al. 1988) as the basis for our exercise; the
uncertainties associated with these models
are discussed in chapter 4. We consider vege-
tational shifts along local and regional en-
vironmental gradients, output from forest
successional simulators, paleobotanical data
on change during the Holocene, and effects
of altered disturbance regimes. Benefits of
increased atmospheric CO, receive limited
consideration in our analysis but are dis-
cussed in chapter 8. Our objective is a collec-
tive judgment about probable effects of the
global climatic change scenarios on forest
ecosystems in northwestern North America
and their implications for management of
both commodity and preserved lands.

We propose that altered disturbance re-
gimes, including intensities and frequencies
of wildfires, storms, and outbreaks of pests
and pathogens, will produce much more
rapid changes in forest conditions than the
direct effects of increased temperature and
moisture stress (fig. 19.1). Hence, the poten-
tial indirect effects of climate change on bio-
tic change should receive more attention
from physical and biological scientists. Forest
management can either exacerbate or reduce
the effects of climate change on the produc-
tivity and biological diversity of northwestern
forestscapes.

II. PERSPECTIVES ON THE PROJECTED
CLIMATIC CHANGES

Forest environments in the Pacific Northwest
will become significantly warmer and drier
under the three global climate change sce-
narios provided (Hansen et al. 1988). These
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Figure 19.1. Climatic changes have both direct and
indirect effects on ecosystem compositon and
structure.

models are consistent in projecting an in-
crease in northwestern North America of 2°-
5°C in mean temperature (both winter and
summer) and little (—1 mm/day summer) or
no change in precipitation. There are no sea-
sonal shifts, so the pattern of relatively dry
summers and mild, wet winters will persist.
Available moisture for plant growth will, of
course, decline as the temperature increases,
with no corresponding change in precipita-
tion (table 19.1). Currently, northwestern for- .
ests grow under a wide range of temperature
and moisture regimes; the range in mean an-
nual temperatures in this forest region is
about 5°C, and precipitation varies by an or-
der of magnitude (approximately 3000 mm).
The overall effect of warming without in-
creased precipitation in this region will be
increased potential evapotranspiration. A 5°C
increase at Hoh River, Washington, for exam-
ple, increases potential evapotranspiration
from 537 mm/year to 881 mm/year. That
temperature increase would also increase the
number of months that potential evapotrans-
piration exceeds precipitation from 1 to 3
months at Hoh Rjver, Washington, and from
6 to 8 months at Medford. Changes in actual
evapotranspiration would depend on soil
moisture storage; however, assuming that
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Table 19.1. Hypothetical changes in evapotranspiration for three weather stations within forest zones of the
Pacific Northwest, assuming an increase in temperature and no change in precipitation. PET, potential
evapotranspiration (Mather 1974). AET, actual evapotranspiration (Mather 1974) with soil storage of

150 mm.

Hoh River, H.]. Andrews, Medford,

Station Washington Oregon Oregon
Vegetation Type Spruce-hemlock Hemlock Mixed Conifer-Oak Savanna
Temperature (°C) 8.9 8.5 12.1
Precipitation (mm) 3492 2302 481
Current

PET (mm) 537 547 822

AET (mm) 524 530 354
2.5°C increase

PET (mm) 708 720 997

AET (mm) 675 687 408
5.0°C increase ;

PET (mm) . 881 895 1174

AET (mm) 818 840 448

such storage is constant between sites, we
can conclude that changes in actual evapo-
transpiration are most likely to be greatest at
wetter sites, such as Hoh River and H. J. An-
drews (table 19.1).

Obviously, the climate change scenarios
represent a massive climatic shift. For exam-
ple, they can be viewed as equivalent to mov-
ing current climatic conditions at the base of
a mountain upward between 500 m and over
1000 m in elevation; this is based on calcu-
lated lapse rates of about 4.8°C per 1000 m
in southwestern Oregon and 4.0°C at Mount

‘Rainier, Washington (Greene and Klopsch
1985). The climatic change is also equivalent
to shifting current climates 200-500 km
north of their current locations, that is, mov-
ing the climate of northern California into
northern Oregon.

A simple assessment of an environmental
shift of this magnitude can be made by relat-
ing it to forest community gradients or classi-
fications for the Pacific Northwest (Franklin
1988), even though forest communities will
probably not shift as intact multispecies units.
Major plant series or vegetation zones differ
by 1.5°-2.0°C in mean annual temperature at
Mount Rainier, Washington (Franklin et al.
1988), and by about 2.5°C in southwestern

Oregon (Atzet and Wheeler 1984); hence, a
4°C temperature increase could shift a given
forest site by as much as two vegetation
zones. Sites currently occupied by commu-
nities typical of the mountain hemlock (Tsuga
mertensiana) zone could be replaced by com-
munities characteristic of the western hem-
lock zone (fig. 19.2). In southwestern Oregon
some sites currently occupied by vegetation
assignable to the white fir (Abies concolor) series
could be replaced with vegetation represen-
tative of the ponderosa pine (Pinus ponderosa)
series while other forested sites would shift
to nonforested (e.g., chaparral) ecosystems.
Elevational shifts of this magnitude will, of
course, produce massive changes in the pro-
portion of regional landscape occupied by
different vegetation types (fig. 19.2, table
19.2). For example, on the western slopes of
the central Oregon Cascade Range the pro-
portion of the landscape characterized by dry
coniferous forest (area of Douglas fir series)
would increase from 8% to 39% or 27% de-
pending on the temperature increase; the
area occupied by the productive and com-
mercially valuable western hemlock series
would, on the other hand, decline from 56%
to 38% or 24% of the landscape. Loss of for-
ested area to juniper savanna and sagebrush
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steppe would predictably be massive on the
eastern slopes of the central Oregon Cascade
Range—a decline from 58% of the current
landscape to 12% under the 5°C temperature
increase.

Paleobotanical evidence suggests that vege-
tative shifts will be more complex and in-
dividualistic than simple shifts of intact veg-
etaion communites and mosaics along
environmental gradients. The simple pro-
jections provided here have assumed that in-
tact forest communities (i.e., all species) will
shift location as a unit as the environment
changes. Recent studies strongly suggest that
species shift independently, producing new
combinations of plant species (Davis 1986,
Delcourt and Delcourt 1987). For example, in
the Pacific Northwest, dominance by Doug-
las fir is a phenomenon of the present inter-

Figure 19.2. Percent of area in major vegetation
zones on the western and eastern slopes of the
central Oregon Cascade Range (lattude 44°30’
north) under current climate and with tempera-
ture increases of 2.5” and 5°C. Major shifts are pre-
dicted in elevational boundaries and the total area
occupied by vegetation zones under global clima-
tic change.
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glacial, but hemlocks and true firs (Abies) have
been around for much longer periods (Tsu-
kada 1982). Analyses based on physiological
considerations also suggest varying re-
sponses by tree species to climatic change
(e.g., Leverenz and Lev 1987).

Direct paleobotanical evidence of vegeta-
tive responses during the Holocene in the
Pacific Northwest cannot be used to make
precise projections of future vegetative
change (e.g., Brubaker 1986, 1988). That is
because every warming event causes com-
plex and unique changes and because, in the
case of the Pacific Northwest, paleobotanical
studies are relatively few and confined
mainly to lowland areas, especially the Puget
Lowland and valleys of the Okanogan High-
lands (Barnosky et al. 1987); almost no stud-
ies exist for major mountain regions. It is
clear, however, that the projected changes
will produce an environment hotter than any
previously experienced during this intergla-
cial. Mean regional temperature during the
Holocene has varied by only about 5°C, and
current temperatures were exceeded by a
maximum of only 2°C during the early Holo-
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Table 19.2. Percent of area in various vegetation zones in the central Oregon
Cascade Range (latitude 44°30' north) under current climate and with in-

creases of 2.5° and 5°C.

Climate -
Zone Current +2.5°C +5.0°C
Western slopes
Nonforested 0 0 8
Oak savanna 0 8 39
Douglas fir 8 39 27
Western hemlock 56 38 24
Silver fir 24 13 2
Mountain hemlock 9 2 0
Alpine 3 0 0
Total forested 97 92 53
Cold snow zone! 24 9 1
Eastern slopes
Sagebrush steppe 0 51 77
Juniper 29 14 11
Ponderosa pine 2 12 7
Grand fir 19 14 4
Mountain hemlock 17 3 1
Alpine 13 3 0
Total forested 58 32 12
Cold snow zone2 30 9 1

!Includes half of silver fir zone and all of the mountain hemlock and alpine

zones.
2Includes mountain hemlock and alpine zones.

cene, the period of maximum temperature
during this interglacial (Brubaker 1988).

This section has focused primarily on com-
munity composition and structure. Shifts in
the functional properties of the ecosystems,
such as net primary productivity and decom-
position and nutrient cycling, will be asso-
ciated with the compositional changes. Func-
tional shifts are important to consider,
especially since they provide a feedback that
can reduce or increase the effects of climate
and changes in greenhouse-gas concentra-
tions.

III. EFFECTS ON ESTABLISHED FORESTS

We began our analysis by considering the ef-
fects of global change on established forests.
An existing forest is expected to be more

tolerant of environmental changes than a for-
est that is reestablishing itself after a distur-
bance. The established forest is able to buffer
the effects of altered conditions, such as in-
creased temperature or decreased moisture,
so they are felt only slowly. Tree seedlings
attempting to establish themselves in a non-
forested environment, such as after a wildfire
or logging, are much more sensitive to cur-
rent climatic conditions.

A model that simulates forest succession
(cLIMACS) was used to examine effects of al-
tered climates on forest composition and
structure. This model is based on the JABOWA
and FORET paradigm (Shugart 1984) but is
adapted to ecological conditions in the Pa-
cific Northwest (Dale and Hemstrom 1984).
Fundamentally, it is a tree population model
that tracks birth, growth, and death of indi-
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vidual trees based on environmental condi-
tions. Birth and death are both stochastic
functions. CLIMACS has been used success-
fully to examine effects of disturbances on
forest conditions on the Olympic Peninsula
(Dale et al. 1986). Simulations were run on
several different forest environments using
current and projected climatic scenarios.

Several lines of evidence, including results
from these model exercises, lead us to pro-
pose that responses of established forests to
climate change should be muted and have
substantial time lags, assuming that the for-
ests are not destroyed or significantly altered
by human activities or natural catastrophe.
The slow, muted response is due to the ability
of established trees to accommodate signifi-
cant change and to their long life spans. As
noted by Brubaker (1986), “[Mature] trees can
survive long periods of marginal climate.”
Furthermore, established forests ameliorate
onsite climatic conditions, which also shields
them against the effects of the external en-
vironment. Hence, barring destruction of the
existing stands, changes should be gradual.
Model projections confirm this scenario;
changes in forest composition diverge only
gradually from those projected under cur-
rent climate for typical sites. Earlier modeling
efforts showed similar results (Dale and
Franklin 1989).

The most environmentally sensitive stage
for western tree species is at the time of seed-
ling establishment, reflected in the muted re-
sponses of established forests. As noted by
Brubaker (1986), “The long lifespans of trees
can slow the retreat of range boundaries, if
adults remain in the vegetation several cen-
turies after climatic deterioration makes local
conditions unsuitable for seedling establish-
ment.” High rates of mortality are typical of
germinants and small seedlings, mostly as a
result of adverse environmental conditions,
such as heat, drought, and frost. Indeed, mor-
tality at the seedling stage may effectively pre-
clude any tree establishment where environ-
mental conditions are severe.

Despite the inertia, gradual compositional
shifts can be expected even in established

forests. These will tend to occur along en-
vironmental gradients—upward in elevation,
northward in latitude, and from southerly to
northerly aspects within a locale. Shifts in ele-
vation and aspect are likely to be more rapid
and to occur with greater predictability than
latitudinal shifts; this is because of the prox-
imity of vegetation zones along topographic
transects, whereas valley and mountain bar-
riers may block or slow latitudinal shifts. As
others have suggested, we expect that species
will typically shift independently, since this is
what appears to have happened in the past
and it reflects their differing physiological tol-
erances and susceptibilities to pests and path-
ogens. As suggested by our model results,
typical shifts might be the replacement of Pa-
cific silver fir by western hemlock as the ma-
jor climax species at middle elevations on the
western slopes of the Cascade Range and
Olympic Mountains and the loss of western
hemlock at lower elevations from decreased
moisture availability.

Shifts will not always be simple displace-
ments of one or a few species, however. Sur-
prises (exceptions to our logical predictions)
will probably be the rule, as species and en-
vironments interact unexpectedly. To a large
extent this apparent unpredictability is due to
our inability to understand or model all im-
portant environmental variables. For exam-
ple, Woodman'’s (1987) prediction that Doug-
las fir will grow to higher elevations under
altered climate does not take account of the
Douglas fir's aversion to wind-exposed en-
vironments, even when moisture and tem-
perature conditions are well within its tol-
erances. Hence, Douglas fir may not always
provide appropriate replacements for the
true firs (Abies spp.) lost from exposed upper-
slope and ridgetop environments.

Competitive interactions between species
will also alter predicted responses of individ-
ual species based on physiological attributes.
Freshwater fish communities provide an ex-
ample related to species’ differing thermal
tolerances. In the Pacific Northwest, redside
shiners (Richardsonius balteatus) compete more
effectively with juvenile steelhead trout
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(Salmo gairdneri) as water temperatures in-
crease (Reeves 1987); trout dominate in wa-
ters less than 15°C, but shiners dominate at
temperatures greater than 19°C, even though
temperatures are well within the physiolog-
* ical limits of both species. Competitive in-
teractions of this type could lead to species
extinctions long before physiological toler-
ances are approached.

There will doubtless be community-level
as well as individual species responses. One
striking change could be the elimination of
much of the cold snow zone, the mountain
hemlock zone, in the Cascade and northern
Sierra Nevada ranges and Olympic Moun-
tains. A deep winter snowpack and short
snow-free season characterize this zone,
which is important hydrologically. Unfortu-
nately, because mountain tops are smaller
than bases, extensive land surfaces are not
available to replace the acreage lost by the
mountain hemlock zone as temperatures
force it up in elevation (e.g., table 19.2). Even
where new land is available, substantial lags
in forest establishment can be expected at
upper timberline; hence, the vegetative mo-
saic of the subalpine parkland, the upper sub-
zone of the mountain hemlock zone, will not
quickly replace itself as the warmer climate
moves upslope.

Another community-level change will in-
volve the loss of forest to nonforested com-
munities at lower timberline (i.e., at the hot,
dry lower elevation sites). Many sites in
northern California and southwestern Ore-
gon (and a scattering of locales farther north)
are already near the environmental limits of
forest growth. Hotter and drier conditions,
coupled with disruption of the forest through
fire or other human activities, could shift veg-
etation on these sites from forest to non-
forested types, such as chaparral, or to wood-
lands dominated by hardwoods, such as oaks
(Quercus spp.). Sites currently characterized as
belonging to the ponderosa pine and Doug-
las fir series would be candidates for conver-
sion to nonforested conditions.

Some aspects of ecosystem function may
respond more rapidly to global change than

composition and structure. Functional
changes, such as in productivity, will occur
both as the climate warms and dries and as
communities and species migrate along en-
vironmental gradients. Moreover, functional
responses will be linked and multidirec-
tional. For example, aboveground forest pro-
duction at the dry end of the environmental
gradient is likely to decrease with increased
temperature. On the other hand, evidence
from controlled environment studies indi-
cates that higher levels of CO, may result in
improved water-use efficiency; hence, tree
species that have good stomatal control may
maintain or even increase forest productivity
by decreasing stomatal aperture while still
receiving sufficient influx of CO,. Increased
evapotranspiration and summer drought
probably will increase allocation of photo-
synthate to below-ground production. In
contrast, decomposition in soils is likely to
increase with warming because respiration
rates will increase and more carbon will be
available to decomposers from greater be-
low-ground production. Decomposition un-
der global climate change should lead to re-
ductions in total carbon storage in soils,
assuming that the effects of increased tem-
perature are greater than those of decreased
soil moisture.

Generally, we would expect the responses
of established (intact) forests to be greater in
the following cases: in dry rather than moist
habitats, at more southerly than northerly lat-
itudes, and in interior than in coastal environ-
ments. Changes may be greatest in south-
western Oregon and northern California,
where many species are at their physiological
limits already, and at high elevations in the
area currently characterized by a permanent
winter snowpack. We can expect that be-
cause of disturbance regimes, the lower ele-
vation (hot and dry) timberline will retreat
much more rapidly than upper timberline
will advance by colonization of presently un-
forested slopes. It is certain that there will be
many surprises as we are blindsided by un-
known interactions between shifting envir-
onments and biota. Still, changes in intact,
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relatively undisturbed forests will be dwarfed
by those occurring in forests stressed by al-
tered disturbance regimes.

IV. NEW CATASTROPHIC SCENARIOS:
EFFECTS OF ALTERED
DISTURBANCE REGIMES

We believe that the most rapid and extensive
biotic changes in forests from climate change
will be caused by altered disturbance re-
gimes. Disturbances create the conditions for
change in ecosystems, effectively doing the
work of eliminating the established forest
with its inertia, or tolerance of altered clima-
tic conditions. As noted by Brubaker (1986),
“[Disturbances| should also mitigate the lag-
ging effects of long tree lifespans by accelerat-
ing rates of population decline when climatic
change makes conditions unfavorable for
seedling establishment.”

Altered frequencies, intensities, and lo-
cales of catastrophic disturbances are proba-
ble under the proposed scenarios of global
change. These would include wildfire,
storms of all types (including extreme wind
conditions and rain-on-snow events), and
outbreaks of pests. In fact, the combination
of disturbance and climate change will pro-
vide a double whammy for the forests of the
Pacific Northwest. First, a disturbance de-
stroys the existing forest, which has an ability
to resist change. Second, the environment
under global change provides conditions for
forest reestablishment that may be much
more severe than those that existed pre-
viously (i.e., drier and hotter environments).
We again note that tree regeneration is the
stage of forest succession most sensitive to
moisture and temperature conditions.

A. Wildfire

Increased frequency of fire is certain under
the climate change scenario, and greater in-
tensities are probable, at least during a transi-
tonal period. A latitudinal gradient in fire
frequency exists in the Pacific Northwest be-
cause of associated climatic changes. For ex-
ample, fire return intervals of 114 to 166 years

have been described for the central Oregon
Cascade Range (Morrison and Swanson
1990) while intervals of 425 years are re-
ported in the central Washington Cascade
Range (Hemstrom and Franklin 1982).
Hence, fire frequencies more characteristic
of northern California might be expected
throughout western Oregon, and frequen-
cies characteristic of west central Oregon
could migrate to western Washington. Such
shifts could create severe fire threats to re-
sources and problems in fire control as for-
ests with large fuel loadings (high biomass)
are subjected to more frequent and, for an
interim period, more intense burns.

Frequency and subsequent recovery from
fires will probably be strongly influenced by
synergisms between human activities and the
changed environments. Human uses of the
forestscapes, especially timber cutting, in-
crease ignition probabilities, as well as the
need for fire control. The effect of intensive
management of forest lands is at least as im-
portant; young managed forests are appar-
ently more susceptible to catastrophic fire
than old-growth forests. For example, during
the 1987 wildfires in southwestern Oregon,
plantations were affected much more dras-
tcally than older forests (Perry 1988). In the
Galice and Longwood fires most plantations
between the ages of 5 and 25 years (generally
the oldest plantings present) were destroyed,
while many old-growth stands survived
(Perry 1988). A mixed young stand of conifers
and hardwoods, which is characteristic of
natural stands, may be less vulnerable to fire
than pure young conifer stands.

Intensive utilization also reduces or elimi-
nates the biological legacies (such as green
trees and coarse woody debris) that contrib-
ute significantly to the speed and complete-
ness of forest recovery on burned-over sites.
For example, some shrubby angiosperms
form mycorrhizae with the same fungal spe-
cies as many conifers; eliminating these
shrubs by forestry practices may reduce the
recovery potential of forested sites following
catastrophic fire. This occurs in southwestern
Oregon where ericaceous shrubs and con-
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ifers host some common mycorrhizal fungi;
conifer seedlings are disproportionately asso-
ciated with the shrubs, suggesting that the
rich concentration of mycorrhizal inocula en-
hances their survival (Amaranthus and Perry
1987, Perry et al. 1987).

Hence, higher fire frequencies coupled
with the simplifying effects of intensive man-
agement could contribute significantly to
shifts from forest to nonforest conditions un-
der a hotter, drier climatic regime. Increased
fire frequency could also shift some sites
from conifer to hardwood dominance, since
many hardwood species reproduce readily
following fire by sprouting (e.g., tanoak, Litho-
carpus densiflorus, and Pacific madrone, Arbutus
menziesii) or seed (e.g., red alder, Alnus rubra).

B. Storm Events

Storm events are important disturbances that
have catastrophic effects on both terrestrial
and aquatic ecosystems. Shifts in the fre-
quency, intensity, and location of storm
events seem likely under global climate
change. For example, increased contrasts be-
tween oceanic and continental temperatures
should produce more intense storms.
Storms with high winds may cause exten-
sive tree mortality by uprooting and breaking
trees. Entire stands can be eliminated over
hundreds or even thousands of acres, as ex-
emplified by the 1921 blowdown on the
western Olympic Peninsula (Buchanan and
_ Englerth 1940), the 1952 blowdowns in the
Oregon Coast Ranges (Ruth and Yoder 1953),
and the Columbus Day windstorm in 1962
(Lynott and Cramer 1966). Henderson and
Peter (1981) identify windstorm, not wildfire,
as the primary forest catastrophe on the west-
emn Olympic Peninsula, which is also similar
to coastal Alaska (Ruth and Harris 1979).
High flows and debris avalanches associ-
ated with winter storms are major forces that
disrupt and reset stream and river ecosys-
tems and their associated riparian zones
(Gregory et al. 1991) to early successional
states. Major flood events in the Pacific
Northwest are invariably associated with
rain-on-snow storms (Harr 1981). Extensive

mountain regions from central California to
coastal British Columbia fall into an eleva-
tional band known as the “warm snow
zone.” Significant gnow accumulates in these
areas during cold periods, but the relatively
warm snowpacks melt rapidly when warm
wet air masses move in from the Pacific
Ocean, producing large snowmelts concur-
rently with heavy rain. High stream runoffs
result in extensive flooding, as in December
1964.

Human activities can accentuate the dam-
age of such storm events. For example, the
network of clearcuts and roads created by
logging activities contributed significantly to
the blowdown suffered in a 1983 windstorm
in the Bull Run River drainage of the northern
Oregon Cascade Range; approximately 80%
of half'a billion board feet of blowdown tim-
ber was associated with boundaries of clear-
cuts and road rights-of-way (Franklin and
Forman 1987). Similarly, large areas of clear-
cutting can magnify the effects of rain-on-
snow flood events (Harr 1981); typically
snow accumulations are larger and more sus-
ceptible to warming and melting in recently
cutover areas than on forested sites.

Hence, alterations in the frequency, inten-
sity, and location of major storm events as a
result of global warming could have pro-
found consequences for forests and assodi-
ated rivers.

C. Pests and Pathogens

New and intensified problems with insects
and diseases are probable under global
change. In some cases these will result from
more favorable environments for the estab-
lishment and spread of a particular pest. In
other cases problems will result from the in-
direct effects of warming as reflected in in-
creased tree stress.

The possible expansion of the balsam
woolly aphid (Adelges piceae) into stands of sub-
alpine fir (Abies lasiocarpa) is a good example of
how altered climates could produce a major
insect epidemic. The aphid is an introduced
pest that has been a serious problem on Pa-
cific silver fir and low-elevation occurrences
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of subalpine fir in the Pacific Northwest
(Mitchell 1966, Franklin and Mitchell 1967). It
has been effectively restricted to low and
middle elevations by its temperature require-
ments; the second generation of the aphid
must reach the first instar stage to survive the
winter. The subalpine zone of the coastal
mountains rarely provides the necessary
heat, so too few of the aphid attain the critical
stage during most years to produce dense
populations (Mitchell 1966).

A 2.5°C increase in mean temperature (the
low end of the climate change scenario)
would allow the aphid to reproduce and
spread at the higher elevations where sub-
alpine fir is a major stand component. Mature
subalpine fir have low resistance to the aphid
(Mitchell 1966). Consequently, high levels of
subalpine fir mortality are probable, perhaps
comparable to those experienced in the Fra-
ser fir (Abies fraseri) populations in the south-
ern Appalachian Mountains—nearly 100% of
adult individuals (Dale et al. 1991).

Increased numbers and intensities of pest
outbreaks can be expected as established for-
est stands are subjected to increasing physio-
logical stresses associated with global warm-
ing (Mattson and Haack 1987). Even under
conditions of stable climate the majority of
pest outbreaks are associated with increased
host stress. Furthermore, pests and patho-
gens are often highly vagile; hence, they can
shift rapidly in response to altered environ-
mental conditions (Schowalter et al. 1986).

As with fire and storm, undesirable syner-
gisms between altered disturbance regimes
and human activities are probable with in-
sects and disease. Forestry practices have pre-
disposed many forests to outbreaks. One ex-
ample is the recent outbreak of southern
pine beetle (Dendroctonus frontalis) in the ex-
tensive, pure, even-aged stands of southern
pines that have been created in the south-
eastern United States (Schowalter et al. 1981).
The simplified forest stands created by inten-
sive management tend to be more vulnerable
to outbreaks of pests than natural stands
(Franklin et al. 1989, Schowalter 1988). In

comparison, J. D. Lattin and P. Oman (1983)
have noted how established forests, espe-
cially old-growth forests, are buffered from
rapid floral and faunal change.

D. Summary on Disturbances

We conclude that altered disturbance re-
gimes will interact with global warming to
produce major change in the forestscapes of
the Pacific Northwest long before climate
change alone would produce significant
change in established forests. Disturbances
will create opportunities for change by re-
ducing the inertia of established forests.
Hence, disturbances can be viewed positively
as events that speed adjustments of vegeta-
tion to current environmental conditions.
On the other hand, these changes could be
highly disruptive in the short- and mid-term.
Global warming creates more severe condi-
tions for forest reestablishment, which may
cause drastic shifts in the composition and
function of the postdisturbance forests.
Some probable overall effects of these
changes include a net shift in area from forest
to nonforest vegetation, net loss of biotic di-
versity as some species fail to track suitable
environments, and minor additions to atmo-
spheric CO, as organic matter accumulations
decrease on forest sites. Transitions will be a
problem because forest destruction will al-
most certainly occur more rapidly than forest
reestablishment, especially at the lower for-
estlines. In general, natural forest ecosystems,
with their greater compositional and func-
tional redundancy, are expected to show
greater resistance to change and to recover
more rapidly following disturbance than in-
tensively managed forests.

Research is critically needed on some cur-
rently obscure aspects of climate change and
ecological responses. Information on
changes in factors affecting the frequency, in-
tensity, and locale ‘6f major disturbances is
essential. For example, what are predicted
magnitudes and intensities of summer
drought periods? What are the probabilities
for repeated drought years? Are changes in
the frequency and tracks of storms with high
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winds likely? Information on seasonal
changes in climate are also important to as-
sess both direct and indirect effects of climate
change.

V. IMPLICATIONS FOR FOREST MANAGERS
AND APPLIED ECOLOGISTS

Environmental changes such as those pro-
posed here under global warming have pro-
found implications for managers and applied
ecologists. Significant changes will be neces-
sary in the way we perceive and manage
those lands devoted to commodity produc-
tion, as well as those devoted to preservation,
if we are to have some reasonable hope of
success in preserving biological diversity.
First, lands that are devoted to production
of commodities—the managed timberlands,
rangelands, and agricultural lands—domi-
nate our landscape; yet, in planning for bio-
logical diversity we have often overlooked
these lands and instead focused on reserves
or primeval habitats. Typically, conservation-
ists and land managers both view biological
diversity as a question of setting aside re-
sources. It is critical that we begin to take, as
scientists and a society, a more critical and
holistic view of how the commodity lands,
our seminatural landscape matrix, are man-
aged. These are the bulk of our lands, and as
such, they form a vast ocean in which ecolog-
ical preserves are located and also contain
‘much, perhaps miost, of the remaming bio-
logical diversity, at least in the temperate
zones. Consequently, the commodity lands
are the battleground where the war for bio-
diversity will ulimately be won or lost, espe-
cially with the drastic environmental shifts
that global warming will bring. We need to
alter management practices that produce
ecologically depauperate landscapes and
thereby reduce indigenous diversity and
maximize the isolation of preserves.
Traditional forest management, for exam-
ple, tends to reduce genetic, structural, tem-
poral, and spatial diversity by emphasizing
efficient timber production through simplifi-
cation (Franklin et al. 1989). Traditional sil-

vicultural systems have focused almost exclu-
sively on the trees—removal of wood
products while providing for reestablish-
ment of the nexftree crop. Foresters have
been innovative in developing practices to
accommodate other ecological values, such
as provision of dead trees for wildlife, but this
has been a largely piecemeal adaptation to
the emerging needs of ecological forestry.
Foresters need to develop and implement a
new forestry that has as its philosophical un-
derpinning the maintenance of complex for-
est ecosystems and not simply the reestab-
lishment of trees. Examples of specific silvi-
cultural practices might include maintenance
of structural diversity by providing for coarse
woody debris (standing dead trees and
downed boles) and development of stands of
mixed composition and structure (Franklin
et al. 1989). Such practices are already being
applied on some federal, state, and private
lands in the Pacific Northwest. At the land-
scape level foresters can adopt spatial pat-
terns for cutting that reduce forest fragmenta-
ton, select patch sizes relevant to the needs
of interior species, and incorporate natural
patches and corridors (Franklin and Forman
1987). Approaches of this sort are being tried
in several forested regions of the United
States; for example, an approach called mini-
mum fragmentation is being tested in west-
ern Oregon (Hemstrom 1989).

Our perspectives on the ecological re-
serves—national parks, wilderness, research
natural areas, and nature reserves—also may
need some readjustment. These areas remain
critical to maintenance of biological diversity,
but they will not provide adequately for bio-
logical diversity in the face of the climate sce-
narios that have been presented. In fact, even
without climate change they probably could
not do the job alone, since their representa-
tion of diversity is incomplete, their total
acreage is small, and, most important, they
are increasingly isolated within hostile land-
scapes. These reserves will provide society
with rich reservoirs of ecological diversity to
conserve and utilize in coping with global
warming.
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If environmental changes reach the magni-
tude proposed in the climate scenarios, the
objectives and management approaches on
ecological reserves must be drastically re-
vised. Under global warming, using natural-
ness or natural processes as a guiding princi-
ple will be of limited value in maintaining
biological diversity. To speak of mitigating
such effects is ridiculous. As habitats and en-

“vironments migrate from reserves, as catas-
trophes destroy relict ecosystems, as species
disappear, we must become first-class eco-
logical engineers or risk losing large compo-
nents of the diversity that now resides in the
reserved lands.

We conclude that any strategy for preserv-
ing biological diversity, particularly in the face
of global warming, must involve a compre-
hensive approach to both commodity and
reserved lands. Commodity lands, the semi-
natural matrix, must be managed with more
consideration for ecological values, including
those on the reserved lands that they sur-
round. These landscapes must nurture bio-
logical diversity, first by retaining more ele-
ments of diversity within the seminatural
matrix and second by easing the passage of
other organisms. A less hostile matrix, one
more accommodating to migrating organ-
isms, would also drastically increase the op-
portunity for ecological dialogue—reciprocal
movement of organisms, materials, and ser-
vices—between reserved and intensively
managed landscapes, to their mutual benefit.
Reserved lands must be viewed as source
areas for diversity but not necessarily as per-
manent residences for that diversity. Inten-
sive management efforts involving both types
of land will be necessary as society under-
takes ecological triage, a damage-control ex-
ercise on biological diversity threatened by
global climate change. As ecologists, man-
agers, and a society, we will have to become
knowledgeable. creative, innovative, overt,
and holistic as we collaborate with nature to
save biological diversity in the face of global
warming.
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