











some are very critical in rangeland ecosystems,
but relatively few invade forests or tundra
ecosystems. Numbers do not tell the entire
story, however. The advance of only a single
exotic into an ecosystem can radically alter its
normal structure and function. The advance of
just one species—leafy spurge on to the northern
mixed-grass prairie or chestnut blight into the
eastern deciduous forest—have had impacts of
enormous ecological significance.

There is generally less known about the
environmental limits of invasive species than
there is for most members of the native flora and
fauna, partly because there is little known about
the historical distribution of exotics. Further,
their potential distributions are, for the most
part, still unrealized in the U.S. Were these
known, it might be possible to model individual
species responses to climate changes in the
same way described for forest trees and other
members of the flora and fauna (Scott et al. 1996,
Bartlein et al. 1997, Thompson et al. 1998, Fertig
and Reiners 2001). A concerted effort to identify
those exotic species known, or suspected, to
be the greatest threats to Rocky Mountain
ecosystems; a series of long-term monitoring
plots to detect their spread; and development of
a database on their environmental limits, would
be valuable starts toward projecting how their
distributions and roles might change with an
altered climate.

Spatial Relationships

Particularly when investigating how
individual species might respond to climate
change, it is important to be realistic about the
heterogeneous nature of the terrain and land
cover. Fig. 7.3 provides an example of that kind
of complexity for both natural variability and
management-imposed variability (Knight and
Reiners 2000). The latter leads to increasing
fragmentation through dissection of old forest
into more isolated and smaller fragments in a
matrix of younger forests, openings, and edge
(Baker 2000). Especially under the latter case
of human-disrupted landscape patterns, we
cannot assume that species will interact freely or
disperse according to translocation of suitable
climatic environmental space somewhere
else. Migration, dispersal, and gene exchange
depend on topological relationships between
points in environmental space. For example,

habitat suitability might be related to patch size
or core/edge relationships. Ability to migrate
in response to climate change to translocated
environmental conditions involves appropriate
connectivity across landscapes that may or may
not be satisfied in the increasingly fragmented
landscape (Pitelka 1997, Malanson and Cairns
1997, Collingham and Huntley 2000). This
means that a component of landscape ecology
must be implemented in model building in order
to predict species movements across landscapes.

Such consideration of spatial relations
increases the complexity of the task before us.
It is in this context that we begin to perceive the
chaos that may be expected if climate changes
to the degree and with the velocity predicted by
some models. Ecosystems across the region may
eventually reach some kind of accommodation
with the new conditions, replete with the same
form of temporal dynamics at multiple scales
with which we are familiar. But, it is likely
that a quasi-transition period over a period of
rapid climate change will bring many surprises.
Species will probably appear in new locations
and become extinct in others asynchronously
with their associates in present-day assemblages.
Adaptations we postulate for heat or water stress
by particular plants or animals may prove to be
misplaced if and when changes actually occur.
Over time the apparent new assemblages may
be surprising, and temporary. We should be
prepared to find that our understandings about
how nature functions are incorrect.

NATURAL RESOURCES
Timber

If forested zones were to shift upward in
response to temperature increases alone, the
areas occupied by merchantable as well as
non-merchantable forests would necessarily
shrink. However, as illustrated in the Greater
Yellowstone Ecosystem case, if warming were
offset by more precipitation, particularly in the
summer, the area occupied by forest might even
expand upward and downward. Thus, the area
for potential harvesting is scenario dependent.
Quite unknown is whether there will be a lasting
direct effect of CO, on water-use efficiency of
long-lived plants.
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Except for moist areas of Montana and Idaho,
forest productivity in the Rocky Mountains is
relatively low. As old-growth timber has already
been largely cut in the Rockies, and as the forests
tend to be used increasingly for recreational
activities, forest harvest is tending to become
less important over most of the region. Market
forces and political agendas will probably have
a greater influence on the future of timbering in
this region than will climate change.

Livestock Production

Warmer and drier climate scenarios would
suggest that rangelands would expand in the
Rocky Mountains at the expense of forests. Of
course, these expanded rangelands could be
of lower productivity and of quite different
character than the present ones. Scenarios for
warmer and wetter conditions could have the
opposite effect of reducing rangeland area in this
zone as forests expand. To a certain extent, and
for other reasons, this has already been the case
with the expansion of juniper over large areas of
former rangeland at the bases of mountains in
this region (Goodloe 1993).

As with the timber industry, the future of
livestock production in the Rocky Mountain
region is likely to be controlled more by market
forces and political attitudes about grazing on
public lands than by climate change. These
factors, together with impacts of invasive species,
are likely to interact in ways too complex to
address in this report.

Recreation

The Rocky Mountain region has been a
locus for recreation since the arrival of the
mountain men and women in the early 19
century. Hunting and fishing were the original,
dominating recreational uses early in Post-
EuroAmerican settlement, but other uses have
grown over time. These include hiking, back-
packing by foot and horse packing, camping,
touring by automobile, skiing and, more
recently, roving by all-terrain vehicles in the
summer, and by snow machines in the winter.
These recreational usages vary historically,
geographically, and seasonally but the dominant
trend has been an increase in all of them.

Recreation and tourism are primary activities
in the region that represent significant financial

interests and active political activity. Conflicts
occur between recreational and non-recreational
usages. Thus, management is going to be the
primary determinant of how these activities

are changed in the future. Climate change will
likely play some role in altering the context of
management conflicts but other drivers will be
primary.

NEEDED RESEARCH

Research needs have been suggested
throughout this assessment but are revisited
here as integrated format. As a preface, it
must be said that workshop members realize
that examining ecosystem components or
regional land uses in sequential order is a
misrepresentation of how the ecosystems of the
region actually work. Topography;, lithology,
climate, soils, vegetation, animals, hydrology, etc.
all work together in space and time in complex
ways. Textual presentation requires this kind
of linearization of environmental elements, but
one of the prerequisites for coordinated research
on this problem would be designing a program
that permitted and required integration of
these components and phenomena. A principal
research need is a holistic research design.

A physiographic region like the Rocky
Mountains is, by virtue of its geographic
extent alone, heterogeneous. The altitudinal
variation superimposed on the horizontal
extent intensifies the variability embodied in
this area as a unit of study and integration.

A research need is a programmatic design
providing for informational management of

this three-dimensional geographic variation.
This can be achieved with a digital geographic
database, probably in a GIS framework, with
which knowledge gained in a local area can

be extrapolated appropriately, and with which
phenomena generated by broader functions

such as mesoscale climate can be interpolated
appropriately to local areas. If this region is to be
dealt with as a whole, a geographic data center is
necessary.

Related to gaining control of geographic
variables is the requirement to maintain a time-
varying perspective on systems at any spatial
scale. Some temporal phenomena like diurnal
and annual cycles are obvious, but virtually
every phenomenon has its characteristic time
scalar. Such scalars may range from hours for
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population turnover times of soil microbes to
decades for fire return times, to centuries for
generation times of Engelmann spruce. Thus, a
temporally varying as well as spatially varying
mind-set is mandatory for research in this region,
particularly with respect to a time-varying
phenomenon like weather and the possible
secular change in climate variables.

Various phenomena occur at different spatial
scales and their observation, representation, and
modeling require different resolution (grain,
or areal extent of data units) for appropriate
research. An integrated program must maintain
a sure understanding of which extents and grains
are appropriate for different issues, and how to
properly scale up or down as the case requires.
This will require a relatively sophisticated
scale-awareness of all involved in a concerted
program.

In keeping with recognition of different
scales of operation, the project will require
projects that are extensive in scope (in both
space and time) and intensive projects that
are highly focused in scope. For this kind of
research, results of intensive studies gain value
as they may be properly extrapolated into the
broader system, whether it is a site, catchment,
elevational zone, mountain range, or the entire
region.

Advances in prediction of climate change
and its effects, or of any kind of perturbation,
cannot be made without modeling. Modeling
of virtually all processes of interest is needed
and will play a role complementary to that of
spatial database management, analysis, and
extrapolation.

Some, but not all, kinds of data can be
gathered by different forms of remote sensing.
Remote sensing extends from animal and
environmental telemetry to low-level aerial
photography and lidar surveys, to high-level
aerial photography and satellite-borne remote
sensing. Remote-sensing technologies should be
integrated into a research plan in order to gather
necessary spatial data and used in such a way to
integrate phenomena across spatial and temporal
scales.

The extensive environmental literature on
the Rocky Mountains has scarcely been touched
by this assessment. Much is known that needs
to be organized in literature search and database

organization that will include a digital cross-
referencing system. The same is true for data. A
system archiving data with rigorous metadata
standards is needed for this region. The data-
archiving systems being developed for the
Long-term Ecological Research Program or by
the National Center for Ecological Analysis and
Synthesis are possible models.

Some locations are better than others for
characterizing ecosystem functions. Managed
forests and rangelands have value because of
their accessibility, presence of sites with known
histories and age classes, and amenability
to disturbance experiments. National Parks
and USFS Research Natural Areas (RNAs)
and national monuments are more limited
in this regard but have special value as long-
term records and management histories that
are supposed to represent pre-EuroAmerican
settlement. Of course, national parks have much
greater extent than do RNAs. Wilderness areas
feature the most pristine conditions of the region
but are very limited for access, treatment, and
even monitoring studies. An integrated research
program on the Rocky Mountain region should
take into account the special character of each of
these management resources

A regional research program should include
surveys for meaningful indicator phenomena
that might provide signals of change for small
amounts of effort. Indicator phenomena might
include the presence or absence of species,
changes in population properties such as
abundance or age-class structure, alterations in
interactive behavior of species with one another,
nitrate concentrations in streamwater, as well
as standard physical measurements of weather,
snowpack, hydrology, etc.

Many of the components of a regional
research program require technological methods
that may be remote from organisms themselves.
A program should not be based purely on
measurements of physical properties and
derivative model outputs. A program must have
a philosophy that organismal-level ecological
research—research that might be termed “natural
history”—needs constant support. It is from
research at that level that we will learn vital
information about the biological elements that
drive many of the broader processes.

The topics addressed in this assessment
(climate-change effects on hydrology, vegetation,
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disturbance regimes, floral and faunal elements)
are natural foci for an integrated research
program. Not discussed in this assessment are
other important topics that, in a sense, are a
derivative of the set reviewed. These include
potential feedbacks between landcover change
and mesoscale climate, changes in the amount
and chemical character of primary productivity,
interactions between terrestrial and aquatic
ecosystems, and biogeochemical functions such
as net carbon exchange with the atmosphere or
nitrogen cycling.

In much of this discussion, effects of climate
change are described as moving from one state
to another. Neither was the past, nor will be the
future, anything like a steady state when viewed
from a sufficiently large temporal window.
Clearly periodic and aperiodic variations
occur at multiple time scales. These sources of
variation combined with the nonlinear dynamics
characteristic of ecological systems, inabilities of
species to respond to rapid climate change, and
lack of adaptations to new climates and habitat
conditions together add to the complexities of
developing predictive models needed to project
the effects of climate change on Rocky Mountain
systems. Hence there is a critical need for further
research on the biota itself, and on developing
system-level models, both in the context of
climate-change effects.

SUMMARY

The Rocky Mountain region is large in extent
and complicated by its extensive altitudinal
gradients and local variations in structural
geology, lithology, climate, and history. This
heterogeneity makes generalization about
possible responses of ecosystems to climate
change difficult. The Rocky Mountains have
undergone climate changes of great amplitude
through the Pleistocene and Holocene and
may be experiencing a warming trend that is
differentially manifested throughout the region.
Whether this warming is linked to greenhouse-
induced mechanisms is presently impossible to
tell.

Scenarios for warming and drying, and
warming with more moisture in, alternatively,
the winter or summer, were devised to provide a
framework for considering ecosystem responses.
Because the Rocky Mountain region is basically
semi-arid, changes in the water budget anywhere

in its domain will be of more importance

than temperature change per se. On the other
hand, temperature and precipitation cannot

be separated as they both have controlling
influences on water budgets. Warming is likely
to reduce snowpack depth, extent, and duration
under any scenario, but stream discharge timing
and volume will be affected differently by the
different scenarios. It is possible that changes
in precipitation amount and timing may be
more important than changes in temperature
for altering hydrologic regimes. Regrettably
precipitation is difficult to model and high-
elevation precipitation gages are so limited as to
make validation of precipitation models at high
elevations almost impossible.

Climate changes are likely to cause changes
in geomorphic processes throughout the region
but inadequate attention was directed to this
area to produce any suggestions of trends in
this regard. Soil responses likewise were not
considered in this assessment.

Potential responses by vegetation, and thus
habitat, to climate change are highly likely,
but variable in time and space, given evidence
for such changes in the past. This may be
manifested as shifts in elevational location of
entire vegetational zones, as breakdowns in
zones and the boundaries between them, and
most probably, as variations in the species
composition and distribution of zonal elements
across landscapes within zones. In the most
general terms, a warmer, dryer scenario
suggests translocations of zones upwards with
loss of some higher zones off the tops of lower
mountains. Of course for hydric systems, such a
change would reduce the amount of watershed
area nourishing them and they might be totally
eliminated from the landscape. Warmer and
wetter scenarios, particularly with higher
summer precipitation, might lead to expansion of
forested zones upward into the alpine zone and
downward into the shrub or grassland areas now
below the lower treeline.

The responses of vegetation to climate
change will be highly influenced by changes
in disturbance regimes, particularly of fire and
insect outbreaks. The fire regime has already
been altered beyond the range of natural
historical variability by grazing, logging and,
especially, fire suppression. It is becoming
increasingly clear that fire occurrences and
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extents are related to intra-decadal oscillations
in climate associated with ENSO and PDO.
This climate relationship ensures that fire

will be influenced by any of the scenarios, or
intensification or buffering of the ENSO and
PDO cycles themselves. There is evidence that
insect outbreaks are also climate-related but
other factors such as the distribution of forest
stands by age class, and thus tree vigor, will
modify climate effects.

Climate change will be implemented
through alterations in species populations
throughout the Rocky Mountain region. The
flora (ca. 5,000-5,500 vascular plant species)
and fauna (ca. 1,000 vertebrate species) are
likely to react individualistically to changes
in climate along with related changes in fire,
insect outbreaks, landuse change, and further
invasion or naturalization of exotic species.
Predicting the responses of individual species
requires considerable knowledge about those
species but methods are in place to begin to do
this. Some model results have been published
for tree species and there is no reason why more
cannot be done with other members of the flora
and of the vertebrate fauna. Invertebrate species
are less well known across most groups but a
few, particular species such as the Yellowstone
checkerspot butterfly (Euphydryas gillettii)
which is diagnostic of wet meadows near
riparian areas (Debinski 1994), would have
great utility in this regard. Sheer numbers of
invertebrate species prohibit investigations of all
of them, but critical or diagnostic species might
be especially useful for analysis and prediction
because of their associative fidelity with plant
species, physical conditions, or vegetation types.

Species deserving particular attention are
threatened and endangered species, of which
there is actually a relatively small number in
this region (nine vertebrate and one invertebrate
animal and seven vascular plants). Shifts in
environmental gradients across Rocky Mountain
landscapes are likely to lead to rapid growth in
the numbers of recognizably threatened species.

Invasive exotic plant and animal species
may be a threat to Rocky Mountain ecosystems
equal, in some cases, to potential climate change.
Exotic species are a present-day reality that must

be considered regardless of climate change. They

will vastly exacerbate our abilities to predict
and manage for the anticipated chaotic shifts

in future species composition and occurrences
when superimposed on climate-change effects.

Considerable research has been published
and is ongoing in the Rocky Mountain region
focused on, or relevant to, climate-change
questions. This assessment uncovers but a small
part of the scientific resources available in this
region. There is good potential for organizing
a more coordinated method for integrating
research bearing on climate change if that were
a national goal. A series of research needs
concludes this assessment. This list may help
to conceptualize a coordinated research system
to better help society to predict and recognize
changes ongoing and looming in the future due
to a changing climate.
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