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Abstract—An integrated program of ecosystem modeling and ex-
tensive field studies at Glacier and Olympic National Parks has
quantified many of the ecological processes affected by climatic
variability and disturbance. Models have successfully estimated
snow distribution, annual watershed discharge, and stream tem-
perature variation based on seven years of monitoring. Various
climatic scenarios were applied with the models to examine poten-
tial future wilderness conditions. This modeling indicates that
reduced net primary productivity and altered disturbance patterns
can be expected in dry, east-side forest ecosystems in Montana and
Washington under climatic warming. In addition, empirical studies
show that climatic variability has strong teleconnections with tree
growth and regeneration at annual to decadal scales, resulting in
predictable, directional changes under different climatic scenarios.
A transect of mountain bioregions from the Pacific Coast to the
Rocky Mountains, which builds on past research, is determining
how future climatic variability will affect wilderness in the context
of regional ecosystem dynamics.

Mountains are a dominant feature of our planet, covering
one-fifth of the terrestrial biosphere and being home to one-
tenth of the earth’s human inhabitants (Messerli and Ives
1997). Because of their steep environmental gradients and
complex topography, mountains also have higher rates of
endemism, greater ecological heterogeneity and more bio-
diversity than many lowland environments (Beniston and
Fox 1996; Denniston 1995). Equally important, mountains
are the ‘water towers’ of the world, providing 50% of the
freshwater that humans consume (Liniger and others 1998).
Mountains contain sacred sites for most of the world’s major
religions and are now part of robust tourism and recreation
economies. Because mountains were typically last to be
developed and are still relatively underdeveloped, they often
are refugia for organisms extirpated elsewhere (such as
grizzly bear [Ursus arctos]) and are disproportionately well-
represented in the world’s protected areas, such as national
parks and designated wildernesses. Such wilderness areas
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also are the only places where we can learn how relatively
unaltered natural systems work, and they serve as bench-
marks against which the state of human-dominated sys-
tems can be compared. Thus, mountain wildernesses are
globally important and affect people even great distances
from mountains.

Mountain wildernesses worldwide are being affected by
global-scale environmental stressors, such as increasing
atmospheric pollution and climatic change. They also are
being impacted by nearby landscape fragmentation, intro-
ductions of diseases, exotic plant invasions, increasing rec-
reational pressures and, over the past century, alteration of
natural fire regimes.

The potential for ecological change in mountainous na-
tional parks of the western United States was recognized
and addressed by the National Park Service (NPS) when it
initiated research programs in 1990 under the U.S. Global
Change Research Program. The NPS program objectives
were to (1) contribute to our understanding of ecosystem
response to climatic change, (2) detect and document changes
attributable to climatic change as part of a national monitor-
ing network and (3) assess the future impacts of climatic
change on the natural resources the NPS is charged with
protecting in the parks.

Two of the national parks included in the NPS global
change program were Olympic and Glacier National Parks
(fig. 1). The global change program was transferred to the
U.S. Geological Survey in 1996 but the overall goals re-
mained the same. In this paper, we summarize some of the
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Figure 1—Olympic and Glacier National Parks were two parks studied
under the National Park Service’s Global Change Research Program.
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responses of Glacier and Olympic National Parks to global-
scale environmental change and contrast differences in
their responses due to regional sources of disturbance. We
describe an approach for integrating the effects of differently
scaled ecosystem stressors into assessments of the possible
future conditions of mountain wildernesses.

Study Areas

Glacier and Olympic National Parks are both large, wil-
derness-dominated parks near the United States-Canada
border in the northern Rocky Mountains and on the Olympic
Peninsula, respectively (fig. 1). Each Park encompasses
mountains with similar topographic relief, numerous gla-
ciers and expansive conifer forests; each is snow-dominated,
acts as the headwaters for its region and contains relatively
intact floral and faunal assemblages. Climate is controlled
by dominant air masses, providing Olympic with a maritime
climate and Glacier with a more continental climate. Thus,
winter temperatures are moderate in the Olympics and cold
in the northern Rockies. Summer precipitation as a propor-
tion of annual precipitation is greater in the northern Rockies
than in Olympics. Precipitation varies dramatically be-
tween westside and eastside locations within each park. For
example, precipitation in the Olympic Mountains ranges
from >600 cm/yr on Mt. Olympus to only 40 cm/year in the
northeastern rainshadow. Precipitation in the northern
Rockies varies from 350 cm/yr (westside, high elevation) to
30 cm/yr (eastside, low elevation). This contrast in precipita-
tion over relatively small distances has a profound impact on
microclimate, vegetation distribution and disturbance re-
gimes (Peterson and others 1997).

Vegetation is dominated by coniferous forest, with species
distribution and abundance varying along elevational
gradients (extending to alpine vegetation) and from westside
to eastside (including grassland). The western Olympics are
dominated at low elevations by temperate rainforests with
high biomass and abundant woody debris. Biomass and
productivity generally are lower in the northern Rockies.
The parks have 10 coniferous species and several plant
communities in common, which allows for comparisons of
biotic responses to climatic shifts.

Responses to Climatic Change

The environments of both parks have experienced a warm-
ing trend since the end of the “Little Ice Age”, a ca. 250-year
cold period ending around 1850. Historic temperature records
since 1880 from locales near current park boundaries show
an increase of 1.7° C or more in annual average temperature
(Finklin 1984). The natural resources of each Park have
responded accordingly.

Glaciers

Glaciers have generally receded for the past 150 years,
with several periods of rapid retreat. At Glacier National
Park, for instance, only 37 glaciers remain of the 150 esti-
mated to have existed around 1850 (Carrara 1989). Further-
more, the remaining glaciers have been reduced to one-third
their previous areas or less (Key and others in press). The
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total ice and permanent snow coverage of the Park has
been reduced 72%, and numerous valleys no longer have
any glaciers in their upper reaches. The period of accelerated
glacial retreat early this century was correlated with an
upward shift in summer temperatures (fig. 2) and, despite
considerable variability in summer temperatures and slight
increases in precipitation, glaciers continued to shrink.
Continued warming is forecast to eliminate all glaciers at
Glacier National Park by 2030 (Hall 1994). Similar glacier
retreats have been recorded for the Blue Glacier and others
in the Olympic Mountains, although the loss of entire gla-
ciers is not as prevalent due to a higher-snowfall climate.
Glaciers are excellent barometers of climatic change be-
cause, unlike biological organisms, they do not adapt to
change but merely reflect them. Glaciers also tend to reflect
decadal or longer climatic trends rather than year-to-year
variation. Thus, the documented glacial recessions in these
parks are indicators of directional climate change and sug-
gest that other ecosystem changes are likely taking place.
The loss of glaciers in mountain watersheds may have
significant ecological effects because glacial meltwater can
be important in providing minimum baseflow and cool
water temperatures for streams during late summer. This,
in turn, has implications for temperature-sensitive stream
macroinvertebrates and the biota dependent on them.

High-Elevation Forest Responses

Many mountain environments have experienced greater
increases in average temperature than have lowland areas
(Oerlemans 1994). High-elevation tree species have re-
sponded where temperature and permanent snow coverage
previously limited tree establishment and growth. In Pacific
Northwest mountains, subalpine fir (4bies lasiocarpa) have
been displacing subalpine meadows, particularly since the
1930s (Rochefort and Peterson 1996). This rapid regen-
eration of subalpine fir is most pronounced on the (wet)
west side of the mountains during periods of warmer, drier
climate and on the (dry) east side of the mountains during
periods of cooler, wetter climate. Precipitation is more criti-
cal than temperature where duration of snowpack limits
length of the growing season (west side) and summer soil
moisture limits seedling survival (east side). Analysis of
repeat photographs in Glacier National Park has docu-
mented similar invasions of meadows by subalpine fir. If
climate becomes warmer and drier during the next century,
continued regeneration of trees may displace much of the
remaining meadows within wetter regions of the subalpine
forest-meadow mosaic of both Parks.

More vigorous establishment and growth of high-eleva-
tion forests is also evident at treeline. At Logan Pass in
Glacier National Park, krummholz patches have expanded
to fill inter-patch spaces, and there has been a demonstrable
trend of krummholz shifting to upright tree forms (Klasner
1998). Although treelines have not moved upslope, the
treeline ecotone has become more abrupt as the density of
krummbholz increased (Butler and others 1994).

In addition to increased establishment of trees and ex-
pansion of krummholz at treeline, high-elevation forests
at several locations in western North America have ex-
perienced increased growth rates, presumably related to
increased temperature, increased atmospheric CO,, less
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Changes in Glacier Area and Summer Temperature
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Figure 2—An upward shift in summer temperatures in Glacier National Park accelerated the melting of two park glaciers, Sperry and Grinnell.
Glaciers respond slowly to temperature shifts and incorporate numerous year-to-year climatic variations into an integrated response.

extreme or variable conditions and other atmospheric fac-
tors (Peterson 1998). The response of tree growth to climatic
variability is spatially and temporally variable with as-
pect, elevation, landform, soil and other site characteristics
being important (Ettl and Peterson 1995). However, dura-
tion of snowpack dominates growth response to climate by
affecting the length of growing season. Thus, predictions
that snowpack will be two months shorter in duration at
Glacier National Park (Running and Nemani 1991) or that
snowlines may rise in Pacific Northwest mountains
(Lettenmaier 1992) have profound implications for forest
growth response in these wilderness areas.

Responses to Other Stressors

Although both parks have been subjected to similar glo-
bal-scale environmental change, there are differences in the
other stressors to which they are exposed. These will shape
ecosystem responses to climatic change in ways still
unquantified.

The Olympic Mountains owe much of their unique species
assemblage to their partial isolation on a peninsula, sur-
rounded on three sides by seawater and to the south by a
major river. This geographic situation altered the impacts of
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past glaciations on this biota (Peterson 1998), accentuating
the ecological traits of a biogeographic isolate. In addition,
Olympic National Park is now a more distinct ecological
island due to extensive landscape alteration on the penin-
sula. An abrupt change in vegetation that mirrors the border
between national park lands and state and private land is
due to extensive logging and other human activities. This
loss of connectivity to an intact regional landscape inhibits
the dynamic flow of species, energy and other resources
necessary to maintain biodiversity and other ecosystem
attributes. The increased boundary with altered landscapes
increases rates of exotic plant establishment and the poten-
tial for introduced diseases. Indeed, Olympic National Park
has 166 exotic plant species. In contrast, Glacier National
Park is surrounded by mostly intact landscapes, with its
sister park in Canada, Waterton Lakes National Park, to the
north and the Bob Marshall Wilderness Complex to the
south, providing regional connectivity along the Continental
Divide. Such landscape connectivity allowed natural
recolonization by gray wolves (Canis lupus) into Glacier
National Park and allows Glacier to act as a source for
grizzly bear dispersal.

Another important contrast is in the proximity to urban
areas. Olympic National Park borders Puget Sound, where
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major cities and millions of people are located. One measure
of this potential impact is in the levels of tropospheric ozone
in Puget Sound, which have exceeded U.S. national ambient
air quality standards on numerous occasions and have
reached 150 ppbv (a measure of average ozone concentra-
tion) (Brace and Peterson 1998, Cooper and Peterson 1999).
Ozone concentrations frequently exceed 80 ppbv during the
summer months, a level considered potentially injurious to
sensitive vascular plant species (Reich and Amundson 1985).
In contrast, Glacier National Park is located far from major
cities and has near-background levels of ozone for most of
the year and peak ozone concentrations of 60 ppbv.

Although Glacier potentially is subjected to fewer sources
of disturbance than Olympic, it functionally has lost a
keystone species, the whitebark pine (Pinus albicaulus), to
an introduced pathogen (Kendall 1995). White pine blister
rust (Cronartium ribicola) was introduced in the early 20th
century on plant stock from Europe and has been progres-
sively killing whitebark pine throughout its range. Glacier
has lost 90% of this high-elevation tree species to blister
rust, leaving tree “skeletons” in its wake. Whitebark pine
nuts provided a critical food source for Clark’s nutcracker
(Nucifraga columbiana), grizzly bear, and Native Ameri-
cans prior to its loss from the subalpine areas of the Park.
Whitebark pine appears to facilitate subalpine fir establish-
ment near treeline, and may play an important role in
snow retention in subalpine forests. In contrast, Olympic
National Park has few whitebark pine, infection rates have
been lower, and, consequently, this keystone species has
not been lost.

In addition to climatic change and regional external im-
pacts described above, both parks have undergone change
within their boundaries from other disturbance sources.
There has been heavy historic use of the parks from eras
when large lodges and roads were built and the backcountry
saw large groups of horses used to transport visitors to the
alpine areas of the mountains. Later infrastructure develop-
ment included campgrounds, visitor centers and restaurants.
Perhaps the greatest human impact on park ecosystems
stems from the exclusion of lightning-caused fires, which has
led to increased fuel loads, promoted insect outbreaks and
altered nutrient cycling in some forests with high-frequency
fire regimes. Trying to account for the effects of park use and
management in the context of a changing climate and re-
gional landscape disturbance presents an almost unmanage-
able list of factors that can drive ecosystem change. Achieving
a coherent understanding on which to base decisions pre-
sents scientists and managers alike with a formidable chal-
lenge and necessitates new approaches and new tools to
address such complicated issues and their interactions.

Implementing an Integrated
Approach

Ecosystem modeling provides a partial solution to such
problems because computers can store and organize large
amounts of existing information and simulate quantified
ecosystem responses for measuring management outcomes
or different levels of disturbance. This “cyber-symbiosis”
between ecologists, who provide the established ecological
relationships reduced to computer code, and computers,
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with vast memory and ability to process multiple relation-
ships simultaneously, gives us unprecedented opportuni-
ties for understanding wilderness ecosystems and making
natural resource decisions with a better foundation.

In order to better understand the impacts of climatic
change and regional landscape disturbance on mountain
wilderness integrity in Olympic and Glacier National Parks,
we developed integrated programs of ecosystem modeling
and extensive field studies with numerous university and
federal agency collaborators whose work is cited below. Our
goals were to (1) quantitatively estimate the major ecological
processes of these areas, (2) compare simulated and observed
wilderness responses to current climate and (3) use these
capabilities to estimate responses to future stressors, such
as increased climatic variability or changes in frequency and
intensity of forest fires. This approach was initially devel-
oped and applied to Glacier National Park wilderness and is
summarized below.

We further developed and used the Regional Hydro-
Ecological Simulation System (RHESSys) to estimate eco-
system processes and changes in mountain environments
(Band and others 1991, 1993). RHESSys combines remote
sensing, ecological modeling and geographic information
system technologies to produce and map spatially explicit
estimates of various processes such as evapotranspiration
and hydrologic outflows (fig. 3). Satellite-based sensors, such
as those on the Landsat Thematic Mapper, provide esti-
mates of leaf area index, a measure of plant photosynthetic
capability for each spatial unit throughout the mountain
topography. Using a daily mountain climate estimator, such
as MTCLIM (Hungerford and others 1989) or DAYMET
(Thornton and others 1997), and algorithms describing
tree physiology (Running and Gower 1991), RHESSys
estimates net primary productivity and other dynamic eco-
system properties for combinations of slope, aspect, and
elevation. Given daily climatic data for a particular period,
RHESSys also calculates daily water balance for a drainage
and provides stream discharge. A topographically sensitive
routing routine was incorporated to better distribute
water dynamically through mountain watersheds (White
and Running 1994). This improved estimates of stream
discharge and provided insights into the sensitivity of the
model to scaling issues.

Another model, FIRE-BGC, combines a gap-phase succes-
sion model and a forest biogeochemistry model to estimate
stand-level dynamics, accumulated carbon and tree regen-
eration, growth, and mortality (Keane and others 1996).
This allows FIRE-BGC to estimate large woody debris, duff
depth and other characteristics important for assessing
forest fire frequency and, with FARSITE (Finney 1998), to
map the perimeter and intensity of those fires. By explicitly
modeling the successional response of the landscape to
simulated forest fires, FIRE-BGC forecast future landscape
mosaics and their influence on future ecosystem processes
(Keane and others 1999). Overall, RHESSys and FIRE-BGC
reasonably predicted the structure and composition of moun-
tain forest communities and the daily rates of ecosystem
processes at various spatial scales (White and others 1998).

However, model performance needed to be determined by
comparing simulated ecosystem processes with the real
thing—measurements of key outputs. Our model validation
used seven years of field data on mountain climatology,
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Regional Hydro-Ecological Simulation System (RHESSys)
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Figure 3—A depiction of inputs, outputs, and modeling steps used in one of the simulation systems for estimating

ecosystem processes at Glacier National Park.

snow distribution, glacier activity, stream hydrology,
aquatic biota, forest demographics and soil respiration. For
instance, over 4,500 snow measurements, taken from a
variety of slopes and aspects in two topographically diverse
mountain watersheds (approximately 400 km’ each), corre-
lated well with model estimates (Fagre and others 1997).
Similarly, hydrographs (daily discharges measured for a

year) from seven streams continuously monitored for seven
years compared well with those simulated by the models for
that period using climatic data (fig. 4). In watersheds with
remnant glaciers, however, higher observed values during
late summer underscored both the contributions of glacial
meltwater to streamflow and the need to include this source
in future models of mountain hydrology.
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Figure 4—Comparison of observed daily stream outflow and computer-simulated outflow for McDonald

Creek in Glacier National Park.
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Modeled stream temperatures closely reflected observed
values from electronic dataloggers placed in the streams at
various elevations (Fagre and others 1997). Frequent moni-
toring of stream macroinvertebrates clearly showed that
predictable species replacement along different sections of
the streams was tied to water temperature rather than other
variables such as substrate particle size (Hauer and others
1999). This suggests that general warming of stream water
temperatures due to earlier snowmelt and loss of glaciers
will cause an upslope migration of those macroinvertebrates
with narrow thermal tolerances.

Numerous forest plots throughout both study watersheds
were selected to represent various combinations of slope,
aspect and elevation. Measurements of stand characteris-
tics, such as stem density, were made at each plot and
compared to FIREBGC estimates for the same area. Most
forest attributes were accurately estimated, but net primary
productivity and evapotranspiration in early seral forest
stand were underpredicted, because undergrowth ecosys-
tem processes are not simulated at the detail provided for
tree species (Keane and others 1996).

One of the major strengths of an ecosystem model, if
successfully validated for a specific mountain wilderness,
is the ability to envision future conditions by applying
different climatic and management scenarios. For instance,
with a 30% increase in precipitation and 0.5° C increase in
annual temperature for the next 200 years, many mesic
tree species, such as western red cedar (Thuja plicata) and
western hemlock (Tsuga heterophylla), are predicted to
expand in the valley bottoms on the west side (White and
others 1998). However, fuel loads and potential fire inten-
sity, size and frequency also may increase, especially if fire
suppression policies keep interim fire frequency low (Keane
and others 1999). Net primary productivity and available
nitrogen increase when fire exclusion is reduced. Subal-
pine tree communities, however, become increasingly ni-
trogen-stressed, especially when interannual variability is
increased in the modeled future scenarios (White and
others 1998). Upper and lower treelines shift upward, and
increased smoke emissions (and lower air quality) may
become future problems if prescribed natural fire manage-
ment is used to counteract increased fuel loads (Keane and
others 1997).

In addition to evaluating the impacts of management and
future climate on wilderness resources, ecosystem modeling
can be used to improve current management programs. For
instance, monitoring will be more efficient if focused on
resources or areas that models suggest are most vulnerable
to change (fig. 5). Using the same climatic scenario described
above, we found that one sub-drainage of the McDonald
watershed would have water temperature increases four to
five times greater than others. This area would be a candi-
date for detecting early and pronounced change and would
indicate more pervasive changes to come. We also examined
a climatic change scenario in which average temperatures
did not increase, but the variability did. The eastern side of
Glacier National Park responded more dramatically than
did the western side of the Continental Divide. Significant
reductions in net primary productivity occurred on the
eastern side as trees underwent stress during more fre-
quent droughts (White and others 1998). Some scenarios
indicate an eventual conversion to grasslands. Thus, the
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Climatic Variability

Modified biophysical
environment

Altered natural disturbance
Human disturbance

Vulnerable landscape

Figure 5—Ecosystem models can identify potentially more vulnerable
landscapes within mountainous regions by accounting for multiple
sources of disturbance and variability. These vulnerable landscapes
can be the focus of monitoring programs for early detection of regional
change.

eastern vegetation represents a more vulnerable resource
and may warrant additional monitoring and management
attention.

The Future

The approach described above has provided new insights
into the present dynamics and possible future conditions of
a mountain wilderness at Glacier National Park. However,
the influence of surrounding land use/land cover change was
explicitly not considered. The modeling tools developed to
date urgently need to be refined and strengthened by appli-
cation to Olympic National Park, where a history of moun-
tain ecosystem studies can provide ample data for model
parameterization and validation.

To address the issue of the regional context in which these
mountain wildernesses function, we extended existing ef-
forts and initiated a long-term research program on three
bioregions that represent a gradient of disturbance inten-
sity and climatic variability (fig. 6). All three bioregions are
near the same latitude (47 to 49°N), have contrasting westside
vs. eastside precipitation and similar topographic relief, and
share numerous other characteristics; they vary primarily
by overall climatic regime and degrees of landscape alter-
ation. The Olympic bioregion, with Olympic National Park
at its core, is a maritime-influenced climate and has the
greatest degree of landscape fragmentation and external
stressors. The north Cascades bioregion, with North Cas-
cade National Park at its core, represents an intermediate
climatic regime and disturbance level. The northern Rockies
bioregion, with Glacier National Park at its core, has the
driest, most continental climate and the least disturbed
regional context.

Building on existing capabilities and data, we will
quantitatively assess the relative roles of climatic change
and landscape alteration in determining the future integ-
rity of these mountain wilderness areas. The ecosystem
modeling is scale-sensitive so that we can examine the
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Figure 6—Three National Parks, at the core of larger bioregions surrounding them, represent a gradient of climate regimes, landscape
fragmentation and disturbance along a transect from the West Coast to the edge of the Great Plains.

dynamics of change for resources at different spatial scales.
For instance, the invasion of meadows by subalpine fir may
be ecologically significant at the species scale but will not
contribute much to regional-scale estimates of net primary
productivity.

Ultimately, we can quantitatively assess the contribution
of mountain wilderness areas to the ecological dynamics of
the bioregions to underscore their value to our daily lives.
Coupled with the ability to make forecasts using different
climate and management scenarios, this enhanced perspec-
tive on the ecological services that wilderness can provide
should lead to better management decisions and stronger
public support for wilderness.
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