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Abstract

The Northern Rockies Adaptation Partnership (NRAP) identified climate change issues relevant to resource
management in the Northern Rockies (USA) region, and developed solutions intended to minimize negative effects
of climate change and facilitate transition of diverse ecosystems to a warmer climate. The NRAP region covers 183
million acres, spanning northern Idaho, Montana, northwestern Wyoming, North Dakota, and northern South Dakota,
and includes 15 national forests and 3 national parks across the U.S. Forest Service Northern Region and adjacent
Greater Yellowstone Area. U.S. Forest Service scientists, resource managers, and stakeholders worked together
over 2 years to conduct a state-of-science climate change vulnerability assessment and develop adaptation options
for national forests and national parks in the Northern Rockies region. The vulnerability assessment emphasized

key resource areas—water, fisheries, wildlife, forest and rangeland vegetation and disturbance, recreation, cultural
heritage, and ecosystem services—regarded as the most important for local ecosystems and communities. Resource
managers used the assessment to develop a detailed list of ways to address climate change vulnerabilities through
management actions. The large number of adaptation strategies and tactics, many of which are a component of
current management practice, provide a pathway for slowing the rate of deleterious change in resource conditions.

Keywords: adaptation, climate change, ecological disturbance, climate-smart resource management, Northern
Rocky Mountains, vulnerability assessment
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Summary

The Northern Rockies Adaptation Partnership (NRAP) is a science-management partnership consisting of 15 national
forests in the Northern Region of the Forest Service, U.S. Department of Agriculture (USFS); 3 national parks; the
USFS Pacific Northwest and Rocky Mountain Research Stations; the University of Washington; and numerous other
organizations and stakeholders. These organizations worked together over a period of 2 years to identify climate
change issues relevant to resource management in the Northern Rocky Mountains (USA) and to find solutions that
can minimize negative effects of climate change and facilitate transition of diverse ecosystems to a warmer climate.
The NRAP provided education, conducted a climate change vulnerability assessment, and developed adaptation
options for national forests and national parks that manage more than 28 million acres in northern Idaho, Montana,
northwestern Wyoming, North Dakota, and northern South Dakota.

Global climate models project that the Earth’s current warming trend will continue throughout the 21St century in the
Northern Rockies. Compared to observed historical temperature, average warming across the five NRAP subregions
is projected to be about 4 to 5 °F by 2050, depending on greenhouse gas emissions. Precipitation may increase
slightly in the winter, although the magnitude is uncertain.

Climatic extremes are difficult to project, but they will probably be more common, driving biophysical changes in
terrestrial and aquatic ecosystems. Droughts of increasing frequency and magnitude are expected in the future,
promoting an increase in wildfires, insect outbreaks, and nonnative species. These periodic disturbances, will rapidly
alter productivity and structure of vegetation, potentially altering the distribution and abundance of dominant plant
species and animal habitat.

Highlights of the vulnerability assessment and adaptation options for the Northern Rockies include the following:

Water resources and infrastructure

+  Effects: Decreasing snowpack and declining summer flows will alter timing and availability of water supply,
affecting agricultural, municipal, and public uses in and downstream from national forests, and affecting other
forest uses such as livestock, wildlife, recreation, firefighting, road maintenance, and instream fishery flows.
Declining summer low flows will affect water availability during late summer, the period of peak demand (e.g.,
for irrigation and power supply). Increased magnitude of peak streamflows will damage roads near perennial
streams, ranging from minor erosion to extensive damage, thus affecting public safety, access for resource
management, water quality, and aquatic habitat. Bridges, campgrounds, and national forest facilities near
streams and floodplains will be especially vulnerable, reducing access by the public.

+ Adaptation options: Primary adaptation strategies to address changing hydrology in the Northern Rockies include
restoring the function of watersheds, connecting floodplains, reducing drainage efficiency, maximizing valley
storage, and reducing hazardous fuels. Tactics include adding wood to streams, restoring beaver populations,
modifying livestock management, and reducing surface fuels and forest stand densities. Primary strategies for



infrastructure include increasing the resilience of stream crossings, culverts, and bridges to higher peakflows and
facilitating response to higher peakflows by reducing the road system and disconnecting roads from streams.
Tactics include completing geospatial databases of infrastructure (and drainage) components, installing higher
capacity culverts, and decommissioning roads or converting them to alternative uses. It will be important to

map aquifers and alluvial deposits, improve monitoring to provide feedback on water dynamics, and understand
the physical and legal availability of water for aquifer recharge. Erosion potential to protect water quality can

be addressed by reducing hazardous fuels in dry forests, reducing nonfire disturbances, and using road
management practices that prevent erosion.

Fisheries

Effects: Decreased snowpack will shift the timing of peakflows, decrease summer low flows, and in combination
with higher air temperature, increase stream temperatures, all of which will reduce the vigor of cold-water fish
species. Abundance and distribution of cutthroat trout and especially bull trout will be greatly reduced, although
effects will differ by location as a function of both stream temperature and competition from nonnative fish
species. Increased wildfire will add sediment to streams, increase peakflows and channel scouring, and raise
stream temperature by removing vegetation.

Adaptation options: Primary strategies to address climate change threats to coldwater fish species include
maintaining or restoring functionality of channels and floodplains to retain (hence, to cool) water and buffer
against future changes, decreasing fragmentation of stream networks so aquatic organisms can reach similar
habitats, and developing wildfire use plans that address sediment inputs and road failures. Adaptation tactics
include using watershed analysis to develop integrated actions for vegetation and hydrology, protecting
groundwater and springs, restoring riparian areas and beaver populations to maintain summer baseflows,
reconnecting and increasing off-channel habitat and refugia, identifying and improving stream crossings that
impede fish movement, decreasing road connectivity, and revegetating burned areas to store sediment and
maintain channel geomorphology. Removing nonnative fish species and reducing their access to cold water
habitat reduces competition with native fish species.

Forest vegetation

Effects: Increasing air temperature, through its influence on soil moisture, is expected to cause gradual changes
in the abundance and distribution of tree, shrub, and grass species throughout the Northern Rockies, with

more drought-tolerant species becoming more competitive. The earliest changes will be at ecotones between
lifeforms (e.g., upper and lower treelines). Ecological disturbance, including wildfire and insect outbreaks, will

be the primary facilitator of vegetation change, and future forest landscapes may be dominated by younger age
classes and smaller trees. High elevation forests will be especially vulnerable if disturbance frequency increases
significantly. Increased abundance and distribution of nonnative plant species, as well as the legacy of past land
uses, create additional stress for regeneration of native forest species.

Adaptation options: Most strategies for conserving native tree, shrub, and grassland systems focus on increasing
resilience to chronic low soil moisture (especially extreme drought and low snowpack), and to more frequent
and extensive ecological disturbance (wildfire, insects, nonnative species). These strategies generally include
managing landscapes to reduce the severity and patch size of disturbances, encouraging fire to play a more
natural role, and protecting refugia where fire-sensitive species can persist. Increasing species, genetic, and
landscape diversity (spatial pattern, structure) is an important “hedge your bets” strategy that will reduce the

risk of major forest loss. Adaptation tactics include using silvicultural prescriptions (especially stand density
management) and fuels treatments to reduce fuel continuity, reducing populations of nonnative species,
potentially using multiple genotypes in reforestation, and revising grazing policies and practices. Rare and
disjunct species and communities (e.g., whitebark pine, quaking aspen) require adaptation strategies and tactics
focused on encouraging regeneration, preventing damage from disturbance, and establishing refugia.

Rangeland vegetation

Effects: A longer growing season is expected to increase net primary productivity of many rangeland types,
especially those dominated by grasses, although responses will depend on local climate and soil conditions.
Elevated atmospheric carbon dioxide may increase water use efficiency and productivity of some species. In
many cases, increasing wildfire frequency and extent will be particularly damaging for big sagebrush and other
shrub species that are readily killed by fire. The widespread occurrence of cheatgrass and other nonnative
species facilitates frequent fire through annual fuel accumulation. In montane grasslands, wildfire may kill
Douglas-fir and other species that have recently established in rangelands through fire exclusion. Shrub species
that sprout following fire may be very resilient to increased disturbance, but may be outcompeted by more
drought-tolerant species over time.



+  Adaptation options: Adaptation strategies for rangeland vegetation focus on increasing resilience of rangeland
ecosystems, primarily through control and prevention of invasion by nonnative species. Ecologically based
management of nonnative plants focuses on strategies to repair damaged ecological processes that facilitate
invasion, and seeding of desired native species can be done where seed availability and dispersal of these
species are low. Proactive management to prevent establishment of nonnative species is also critical (early
detection-rapid response), including tactics such as weed-free policies, education of employees and the public,
and collaboration among multiple agencies to control weeds. Livestock grazing can also be managed through
the development of site-specific indicators that inform livestock movement guides and allow for maintenance and
enhancement of plant health.

Wildlife

+  Effects: Few data exist on the direct effects of climatic variability and change on most animal species. Therefore,
projected climate change effects must be inferred from what is known about habitat characteristics and the
autecology of each species. Habitat for mammals that depend on high-elevation, snowy environments, whether
predators (Canada lynx, fisher, wolverine) or prey (snowshoe hare), is expected to deteriorate relatively soon if
snowpack continues to decrease. Species that are highly dependent on a narrow range of habitat (pygmy rabbit,
Brewer’s sparrow, greater sage-grouse) will be especially vulnerable if that habitat decreases from increased
disturbance (e.g., sagebrush mortality from wildfire). Species that are mobile or respond well to increased
disturbance and habitat patchiness (deer, elk) will probably be resilient to a warmer climate in most locations.
Some amphibian species (Columbia spotted frog, western toad) may be affected by pathogens (e.g., amphibian
chytrid fungus) that are favored by a warmer climate.

+  Adaptation options: Adaptation strategies for wildlife are focused on maintaining adequate habitat and healthy
wildlife populations, and increasing knowledge of the needs and climate sensitivities of species. Connectivity
is an important conservation strategy for most species in the Northern Rockies. Maintaining healthy American
beaver populations will provide riparian habitat structure and foraging opportunities for multiple species. Quaking
aspen habitat, which is also important for several species, can be enhanced by allowing wildfire, protecting
aspen from grazing, and reducing conifer encroachment. Restoration of more-open stands of ponderosa pine
and mixed-conifer forest through reduction of stand densities will benefit species such as fisher and flammulated
owl. Excluding fire and reducing nonnative species will maintain sagebrush habitats that are required by several
bird and mammal species.

Recreation

+ Effects: Recreation has a significant economic impact throughout the Northern Rockies. A warmer climate will
generally improve opportunities for warm weather activities (hiking, camping, sightseeing) because it will create
a longer time during which these activities are possible, especially in the spring and fall “shoulder seasons.”
However, it will reduce opportunities for snow-based, winter activities (downhill skiing, cross-country skiing,
snowmobiling) because snowpack is expected to decline significantly in the future. Recreationists will probably
seek more water-based activities in lakes and rivers as refuge from hotter summer weather. Higher temperatures
may have both positive and negative effects on wildlife-based activities (hunting, fishing, birding) and gathering of
forest products (e.g., berries, mushrooms), depending on how target habitats and species are affected.

«  Adaptation options: Recreationists are expected to be highly adaptable to a warmer climate by shifting to different
activities and different locations, behavior that is already observed from year to year. For example, downhill
skiers may switch to ski areas that have more reliable snow, cross-country skiers will travel to higher elevations,
and larger ski areas on Federal lands may expand to multi-season operation. Water-based recreationists may
adapt to climate change by choosing different sites that are less susceptible to changes in water levels. Hunters
may need to adapt by altering the timing and location of hunts. Federal management of recreation is currently
not very flexible with respect to altered temporal and spatial patterns of recreation. This can be at least partially
resolved by assessing expected use patterns in a warmer climate, modifying opening times of facilities, and
deploying seasonal employees responsible for recreational facilities earlier in the year.

Ecosystem services

Ecosystem services are increasingly valued on Federal lands, beyond just their economic value. Climate change
effects will vary greatly within different subregions of the Northern Rockies, with some ecosystem services being
affected in the short term and others in the long term. Of the many ecosystem services provided in the Northern
Rockies, eight are considered here, most of which are relevant to other resource categories included in the
assessment.

+  Although annual water quantity (or water yield or water supply) is not expected to change significantly, timing
of water availability is likely to shift, and summer flows may decline. These changes may result in some
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communities experiencing summer water shortages, although reservoir storage can provide some capacity. Rural
agricultural communities will be disproportionately affected by climate change if water does become limiting.

»  Water quality will decrease in some locations if wildfires and floods increase, adding sediment to rivers and
reservoirs. Agriculture is currently the major source of impairment, affecting riparian systems, aquatic habitat,
water temperatures, and fecal coliform. Climate change is expected to amplify these effects. Hazardous fuels
treatments, riparian restoration, and upgrading of hydrologic infrastructure can build resilience to disturbances
that damage water quality.

*  Wood products are a relatively small component of the Northern Rockies economy, and economic forces will
probably have the biggest impacts in the future. As wildfires and insect outbreaks become more common, wood
supply could become less reliable, but overall effects will generally be small except in small towns that depend
on a steady timber supply.

*  Minerals and mineral extraction are important economic drivers in eastern Montana and western North Dakota.
The biggest effects on this industry will be economic factors and factors related to how it connects to other
ecosystem services, particularly water quality. Wildfires and floods can put mineral extraction infrastructure at risk
in some watersheds.

»  Forage for livestock is expected to increase in productive grasslands as a result of a longer growing season
and in some cases elevated carbon dioxide. Therefore, ranching and grazing may benefit from climate change.
Primary effects on grazing include loss of rural population, spread of nonnative grasses, and fragmentation of
rangelands.

«  Viewsheds and air quality will be negatively affected by increasing wildfires and longer pollen seasons. A growing
percentage of the Northern Rockies population will be in demographic groups at risk for respiratory and other
medical problems on days with poor air quality. Treatments of hazardous fuels can help build resilience to
disturbances that degrade air quality.

*  Regulation of soil erosion will be decreased by agricultural expansion, spread of nonnative plants, and increased
frequency of wildfire and floods. Increased capital investments may be needed for water treatment plants if water
quality declines significantly. Climate-smart practices in agriculture and road construction can reduce some
negative effects.

»  Carbon sequestration will be increasingly difficult if wildfires, insect outbreaks, and perhaps plant disease
increase as expected, especially in the western part of the Northern Rockies. At the same time, managing forests
for carbon sequestration is likely to become more important in response to national policies on carbon emissions.
Hazardous fuels treatments can help build resilience to disturbances that rapidly oxidize carbon and emit it to the
atmosphere.

Cultural resources

. Disturbances such as wildfires, floods, and soil erosion place cultural and heritage values at risk. Damage to
cultural and historic sites is irreversible, making protection a key management focus. Climate-induced changes in
terrestrial and aquatic habitats affect abundance of culturally valued plants and animals (especially fish), affecting
the ability of Native American tribes to exercise their treaty rights. Effects on cultural resources are amplified by
external social forces that include a growing regional population, vandalism, and loss of traditional practices in a
globalizing culture.

Conclusions

The NRAP facilitated the largest climate change adaptation effort on public lands to date. This collaboration included
participants from Federal agencies and stakeholder organizations interested in a broad range of resource issues. It
achieved specific goals of national climate change strategies for the USFS and National Park Service, providing a
scientific foundation for resource management and planning in the Northern Rockies. The large number of adaptation
strategies and tactics, many of which are a component of current management practice, provide a pathway

for slowing the rate of deleterious change in resource conditions. Rapid implementation of adaptation—in land
management plans, National Environmental Policy Act documents, project plans, and restoration—will help maintain
functionality of terrestrial and aquatic ecosystems in the Northern Rockies, as well as build the organizational capacity
of Federal agencies to incorporate climate change in their mission of sustainable resource management. Long-term
monitoring will help detect potential climate change effects on natural resources, and evaluate the effectiveness of
adaptation options that have been implemented.
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Chapter 7: Effects of Climate Change on
Rangeland Vegetation in the Northern

Rockies Region

Matt C. Reeves, Mary E. Manning, Jeff P. DiBenedetto, Kyle A. Palmquist,
William K. Lauenroth, John B. Bradford, and Daniel R. Schlaepfer

Introduction

Rangelands are dominated by grass, forb, or shrub
species, but are usually not modified by using agronomic
improvements such as fertilization or irrigation (Lund 2007;
Reeves and Mitchell 2011) as these lands would normally
be considered pastures. Rangeland includes grassland,
shrubland, and desert ecosystems, alpine areas, and some
woodlands (box 7.1). This chapter addresses the potential
effects of climate change on rangeland vegetation in the
Forest Service, U.S. Department of Agriculture (USFS)
Northern Region and the Greater Yellowstone Area (GYA),
hereafter called the Northern Rockies region. Within the
Northern Rockies region, rangelands occupy more than
65 million acres (Reeves and Mitchell 2011). Ecosystem
services derived from these rangelands include forage for
millions of domestic and wild ungulates, greater sage-
grouse (Centrocercus urophasianus) habitat, and numerous
recreational opportunities (see Chapter 10).

The sustainability of goods and services is threatened by
land-use change, such as residential development, energy

development, and invasion by nonnative plant species (see
Chapter 11). These threats, expressed against the backdrop
of climate change, pose unique challenges for managers in
the Northern Rockies region. The effects of climate change
on rangelands have received less attention than effects on
forests, but similar to forests, past and future human land-
use activities may exceed climate change effects, at least
in the short term (Peilke et al. 2002). Interactions among
land-use change, management, and climate change are not
well understood and are difficult to forecast. Therefore, this
analysis of potential climate change effects on rangelands
does not explicitly include estimates of future land-use
change or management, and instead focuses on estimated
regeneration success, response to disturbance (especially
fire), and life history traits.

Relative to forests, rangelands usually occur in more
arid environments, either due to edaphic (e.g., some mon-
tane grasslands, subalpine shrublands, and fell-fields) or
climatic factors. These arid conditions present challenges
for studying the effects of climate change because some
rangelands will be less resilient to changes in environmental

Box 7.1—Rangeland Definitions used by Different Federal Agencies

U.S. Forest Service

1.0 acre in size and 120.0 feet wide (USDA FS 2010).
Bureau of Land Management

meadows (Society for Range Management 1998).
Natural Resources Conservation Service

Land primarily composed of grasses, forbs, or shrubs. This includes lands vegetated naturally or artificially to provide
a plant cover managed like native vegetation and does not meet the definition of pasture. The area must be at least

Land on which the indigenous vegetation (climax or natural potential) is predominantly grasses, grass-like plants, forbs,
or shrubs and is managed as a natural ecosystem. If plants are introduced, they are managed similarly. Rangelands
include natural grasslands, savannas, shrublands, many deserts, tundra, alpine communities, marshes, and wet

A land cover/use category that includes land on which the climax or potential plant cover is composed principally of
native grasses, grass-like plants, forbs or shrubs suitable for grazing and browsing, and introduced forage species that
are managed like rangeland. This would include areas where introduced hardy and persistent grasses, such as crested
wheatgrass, are planted and practices such as deferred grazing, burning, chaining, and rotational grazing, are used
with little or no chemicals/fertilizer being applied. Grasslands, savannas, many wetlands, some deserts, and tundra are
considered to be rangeland. Certain low forb and shrub communities, such as mesquite, chaparral, mountain shrub,
and pinyon-juniper, are also included as rangeland (USDA 2009).

USDA Forest Service RMRS-GTR-374. 2018
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influences such as fire regimes and periodicity of precipita-
tion. Understanding resistance and resilience for rangelands
is important for estimating possible effects of climate
change. In broad terms, resilience refers to the capacity of
ecosystems to regain structure, processes, and function-

ing in response to disturbance (Allen et al. 2005; Holling
1973), whereas resistance describes capacity to retain these
community attributes in response to disturbance (Folke et
al. 2004). These concepts are especially critical when con-
sidering establishment of nonnative plants and interactions
between climate change stressors (Chambers et al. 2014).
In the Northern Rockies region, areas with higher precipita-
tion and cooler temperatures generally result in greater
resources and more favorable conditions for plant growth
and reproduction (Alexander et al. 1993; Dahlgren et al.
1997). These concepts are demonstrated in fig. 7.1, which
indicates that management for ecosystem services derived
from rangelands will be relatively more effective in more
mesic rangelands.

In this chapter we explore potential effects of climate
change on selected rangeland habitats. The evaluation of
risk was qualitatively and synthetically determined by using
a combination of workshop output, literature (where avail-
able), and the judgment of the authors and two reviewers. It
is meant to represent our best guess as to the relative vulner-
ability of each system to estimated perturbations brought
forth by expected changes in climate across the Northern
Rockies region.

Vegetation Classes

The rangeland assessment focuses largely on groupings
of vegetation types but also references individual species
where information and data suggest inferences can be
made for species. We identified rangeland vegetation to be
included in the vulnerability assessment by first reviewing
the extent of rangelands within the conterminous United
States (Reeves and Mitchell 2011). The National Resources
Inventory definition (box 7.1) of rangelands was used to
identify rangelands within the Northern Rockies region. The
list of U.S. Ecological Systems designated as rangelands
that were retained for evaluation is found in table 7.1. The
great complexity of rangeland vegetation combined with
a paucity of studies on climate change effects suggests
that a grouping of individual vegetation types into classes
would be useful. The resulting groups to be analyzed are
the northern Great Plains, montane shrubs, montane grass-
lands (referred to as “western grasslands”), and sagebrush
systems. It is important for the reader to understand that
multiple vegetation types make up each of the four broad
classes of vegetation. In the case of sagebrush systems,
however, four groups (big sagebrushes, short sagebrushes,
sprouting sagebrushes, and mountain sagebrush) were sub-
sequently further permuted by individual types (table 7.1).

The northern Great Plains has a broad geographic
expanse and mixture of both cool-season (C3) and
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Figure 7.1—Resilience to disturbance (a) and resistance to
cheatgrass (b) over a typical temperature/precipitation
gradient in the cold desert. Dominant ecological sites occur
along a continuum that includes Wyoming big sagebrush
on warm and dry sites, to mountain big sagebrush on
cool and moist sites, to mountain big sagebrush and
root-sprouting shrubs on cold and moist sites. Resilience
increases along the temperature/precipitation gradient and
is influenced by site characteristics like aspect. Resistance
also increases along the temperature/precipitation
gradient and is affected by disturbances and management
treatments that alter vegetation structure and composition
and increase resource availability. ARTRw = Wyoming big
sagebrush (Artemisia tridentata ssp. wyomingensis); ARTRv
= mountain big sagebrush (A. tridentata ssp. vaseyana);
SYOR = mountain snowberry (Symphoricarpos oreophilus)
(modified from Chambers et al. 2014).

warm-season (C4) species. Montane shrubs are species im-
portant for browsing by native ungulates. The relatively rare
montane grasslands have a unique position on the landscape,
dominance of cool-season species, and specific types of
habitats they provide in juxtaposition to forest vegetation.
Sagebrush systems (dominated by species in the genus
Artemisia) provide critical wildlife habitat, including for
the imperiled greater sage-grouse, and are a ubiquitous and
iconic species in much of the western United States. In ad-
dition, sagebrush systems, especially those dominated by
big sagebrushes, have been more widely studied, at least
partially as a result of recent research on sage-grouse habi-
tat. Therefore, the vulnerability of some sagebrush species
is supported by a richer body of information than for other
vegetation. But this does not mean that all sagebrush types
have been studied equally in the context of climate change.

USDA Forest Service RMRS-GTR-374. 2018
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Table 7.1—Aproximate area of U.S. Ecological Systems identified as rangelands within the NRAP assessment region. Sagebrush
systems were further subdivided into mountain, low, and big or sprouters. These distinct species were grouped into the “big
or sprouters” category only for developing map legends because, using the mid-level Ecological Systems mapping approach,
without external data, it would be difficult to differentiate each unique cover type dominated by the various Artemisia spp.

across the landscape.

Sagebrush
Rangeland vegetation types Ecological system Area grouping
Acres
Northern Great Plains (C3/C4 mix)  Central Tallgrass Prairie 479,899 NA
Northwestern Great Plains Mixedgrass Prairie 37,818,629 NA
Western Great Plains Sand Prairie 2,285,234 NA
Western Great Plains Shortgrass Prairie 39,543 NA
Western Great Plains Tallgrass Prairie 7,763 NA
North-Central Interior Sand and Gravel Tallgrass 209,599 NA
Prairie
Northern Tallgrass Prairie 367,864 NA
Great Plains Prairie Pothole 262,813 NA
Total 41,471,344 NA
Montane shrubs Northern Rocky Mountain Montane-Foothill 1,257,671 NA
Deciduous Shrubland
Inter-Mountain Basins Curl-leaf Mountain 175,887 NA
Mahogany Woodland and Shrubland
Rocky Mountain Lower Montane-Foothill Shrubland 4,602 NA
Total 1,438,160 NA
NA
Montane grasslands (C3) Columbia Plateau Steppe and Grassland 1,257,642 NA
Columbia Basin Palouse Prairie 2,692,161 NA
Columbia Basin Foothill and Canyon Dry Grassland 58,773 NA
Inter-Mountain Basins Semi-Desert Grassland 42,311 NA
Northern Rocky Mountain Lower Montane-Foothill- 14,419 NA
Valley Grassland
Northern Rocky Mountain Subalpine-Upper 5,957 NA
Montane Grassland
Total 4,071,263 NA
Sagebrush systems Artemisia tridentata ssp. vaseyana Shrubland 2,931,640 Mountain
Alliance
Inter-Mountain Basins Big Sagebrush Steppe 9,656,339 Big or sprouter
Inter-Mountain Basins Big Sagebrush Shrubland 2,451,624 Big or sprouter
Inter-Mountain Basins Montane Sagebrush Steppe 1,993,178 Big or sprouter
Columbia Plateau Low Sagebrush Steppe 156,012 Low
Wyoming Basins Dwarf Sagebrush Shrubland and 49,723 Low
Steppe
Inter-Mountain Basins Semi-Desert Shrub-Steppe 41,572 Big or sprouter
Great Basin Xeric Mixed Sagebrush Shrubland 17,970 Low
Columbia Plateau Scabland Shrubland 14,529 Big or sprouter
Total 17,312,587
All rangelands total 64,293,354

USDA Forest Service RMRS-GTR-374. 2018
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Figure 7.2—Estimated
distribution of various
sagebrush vegetation classes
in the Northern Rockies.
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To reflect the disparate amount of study on climate change
effects on sagebrush species, four sagebrush types were
delineated for the Northern Rockies for this study (fig. 7.2,
sagebrush types):

» Big sagebrushes: Wyoming big sagebrush (4.
tridentata spp. wyomingensis) and basin big sagebush
(A. tridentata ssp. tridentata)

» Low sagebrushes: low sagebrush (4. arbuscula) and
black sagebrush (4. nova)

* Sprouting sagebrushes: silver sagebrush (4. cana) and
threetip sagebrush (4. tripartita)

* Mountain big sagebrush (4. tridentata ssp. vaseyana)

Figure 7.2 does not represent an exact accounting of
these four vegetation classes but suggests an estimated dis-
tribution where each grouping is usually found. In addition,
when Ecological Systems are mapped at this level, it is not
possible to differentiate the distribution of silver and threetip
sagebrush as they are often disjunctively commingled with
other types. As a result, only three categories are mapped;
within the largest category, the big sagebrushes and
sprouting sagebrushes are all represented in one estimated
distribution.

The Wyoming and basin big sagebrush types were ag-
gregated because they have similar life histories, stature,
and areal coverage in the Northern Rockies region, and
represent critical habitats for many species of birds and wild
and domestic ungulates. Despite similar life history traits,
basin big sagebrush occupies sites with deeper soils (often
on alluvial fans). These conditions tend to increase available
moisture with higher coverage by perennial bunchgrasses,
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suggesting these sites may be more resilient and resistant to
various threats (Chambers et al. 2007). Similarly, the low
sagebrushes were chosen for the unique habitats they repre-
sent (especially black sagebrush) and similar life histories.
Both silver sagebrush and threetip sagebrush can resprout
after fire, making them unique in that regard among the
sagebrush species, with the exception of periodic sprouting
by some variants of mountain big sagebrush.

Finally, mountain big sagebrush was chosen for its
(usually) distinct positioning on the landscape, in addi-
tion to being the most mesic of sagebrush communities
in the Northern Rockies region. Communities dominated
by Wyoming big sagebrush are by far the most common
and occupy the greatest area (table 7.2), whereas the low
sagebrush type occupies the least. However, although basin
and Wyoming big sagebrush are common throughout the
Northern Region, mountain big sagebrush communities
occupy the greatest extent on lands managed by the USFS.
Although the communities dominated by the Artemisia
species listed here were subdivided for evaluating possible
effects of climate change, four species (basin big, Wyoming
big, threetip, and silver) were grouped for mapping purposes
as the “big or sprouter” category (table 7.1) because differ-
entiating them across the landscape was impractical.

Vegetation Productivity in
Response to Climate Change

Although the current extent of rangeland in the Northern
Rockies region can be accurately described, uncertainty in

USDA Forest Service RMRS-GTR-374. 2018
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Table 7.2—Area of rangeland vegetation classes evaluated in each NRAP subregion.

Subregion Rangeland vegetation classes Area Proportion
Acres Percent

Western Rockies Montane grasslands 596,837 34.4
Montane shrubs 298,153 35.7
Sagebrush systems 358,086 29.9

Total 1,253,076

Central Rockies Montane grasslands 845,539 43.6
Montane shrubs 173,980 18.6
Sagebrush systems 507,391 37.8

Total 1,526,909

Eastern Rockies Montane grasslands 735,758 13.5
Montane shrubs 328,306 12.5
Northern Great Plains (C3/C4 mix) 221,193 5.9
Sagebrush systems 2,572,138 68.2

Total 3,857,395

Grassland Montane grasslands 1,343,858 1.8
Montane shrubs 266,233 0.7
Northern Great Plains (C3/C4 mix) 41,204,297 80.6
Sagebrush systems 8,586,897 16.8

Total 51,401,285

Greater Yellowstone

Area Montane grasslands 549,271 6.1
Montane shrubs 371,488 8.5
Northern Great Plains (C3/C4 mix) 45,848 0.7
Sagebrush systems 5,288,075 84.7

Total 6,254,682

All subregions total 128,586,695

the underlying global climate models (GCMs) used to esti-
mate climate change effects (see Chapter 3), and uncertainty
in models of physiological response, make it difficult to con-
fidently project the effects of climate change on rangelands.
Our understanding of the potential effects of climate change
in the region can be improved if comparisons of impacts are
made with other areas.

The primary inference about climate change effects
on rangeland vegetation nationally is one of increasing
temperature, lower soil moisture, changing phenology, and
decreasing annual production. However, projected tempera-
tures exhibit far less variability among scenarios and GCMs
than precipitation. Therefore, areas where projections sug-
gest that temperature rather than precipitation is a dominant
driver may be more reliable. Figure 7.3 suggests that, rela-
tive to much of the rest of the United States, the Northern

USDA Forest Service RMRS-GTR-374. 2018

Rockies region could experience an increase in annual net
primary productivity (NPP). In addition, the modeled over-
all increases in productivity appear to be more consistent in
the region compared with other areas because there is less
disagreement among the three emissions scenarios evaluated
(Nakic¢enovi¢ et al. 2000; Reeves et al. 2014).

Changing climate regimes will also influence phenology
in unexpected ways. For example, in tallgrass prairie (a rare
type in the Northern Rockies region), a 7.2 °F increase in
ambient temperature caused earlier anthesis among spring-
blooming species and later anthesis in fall-blooming species
(Sherry et al. 2007), implying that climate change will
influence vegetation in complex ways (Suttle et al. 2007;
Walther 2010). In addition, effects of climate change may be
greater at higher elevations (Beniston et al. 1997) (fig. 7.3),
a logical projection for the Northern Rockies region, where
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Figure 7.3—Mean slope of linear regression of the net primary productivity trend for the B2, A1B, and A2 emission
scenarios (models averaged here include: GCGM2, HadCM3, CSIRO, MK2, MIROC3.2) (a) and standard
deviation of the mean slope of linear regression of the net primary productivity trend for the same scenarios (b)
(from Reeves et al. 2014).
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the primary factor limiting plant growth at high elevations is
growing season length and cold temperatures.

The modeled overall effect of projected climate change
in the Northern Rockies region is apparently increased
growing season length and increased NPP, which may be
especially pronounced at higher elevations. Removal of
growth limitations could result in significant changes in veg-
etation at higher elevations, such as the Greater Yellowstone
Area subregion. Higher NPP may seem counterintuitive be-
cause increased temperatures suggest greater moisture stress
and therefore potentially less favorable growing conditions.
Indeed, if all other factors besides temperature remained
constant in the future, then vegetation might undergo signifi-
cant reductions in productivity from increased evaporative
demand and reduced soil moisture. Conversely, some high-
elevation areas may experience increased production with
increasing temperatures (Reeves et al. 2014), especially
relatively mesic areas supporting mountain sagebrush.

Increased atmospheric carbon dioxide (CO,) concentra-
tions may modify ecophysiological growth processes in
rangeland vegetation. Carbon dioxide enrichment can
enhance water use efficiency through reduced water lost
through stomata (see Chapter 6), but the response is not
consistent across all vegetation. For example, in tallgrass
prairie, Owensby et al. (1999) found that elevated CO,
could increase productivity of aboveground and below-
ground biomass, but response depended on water stress.
These findings are consistent with results from Reeves et
al. (2014) and suggest that desiccation effects of increased
temperature can be offset to some extent by CO, enrichment
via reduced transpirational demand (Leakey 2009; Morgan
et al. 2004b, 2011; Woodward and Kelly 2008) and higher
water use efficiency (Bachelet et al. 2001; Christensen et al.
2004; Morgan et al. 2008, 2011; Polley et al. 2003).

Recent experimental research on the northern Great
Plains is particularly relevant to the managers in the
Grassland subregion where northern mixed-grass prairie
dominates. The Prairie Heating and CO, Enrichment
(PHACE) study reported an increase of aboveground pro-
ductivity by an average of 33 percent over 3 years (Morgan
et al. 2011), which substantiates estimates by Reeves et al.
(2014) of a 28-percent increase in productivity for the north-
ern Great Plains by 2100.

As a footnote to the preceding discussion, it is important
to note that all models are a simplification of reality, and
interpretation of model results needs to consider uncertainty,
inputs, and model assumptions. Models cited here have in-
creasing disparity as time progresses, especially in more arid
regions where changing precipitation amounts and patterns
may be the primary driver of change.

Management Concerns

The primary management and ecological concerns identi-
fied as affecting rangelands in the Northern Rockies region
include uncharacteristic fire regimes, improper grazing, and
invasive species. Uncharacteristic fire regimes, which are

USDA Forest Service RMRS-GTR-374. 2018
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based on the historical fire regime, threaten some rangeland
habitats, especially sagebrush steppe, across much of the
western United States, including the Northern Rockies re-
gion. The overall concern over uncharacteristic fire regimes
is perhaps smaller than for other regions such as the Great
Basin. On one end of the spectrum, the shortened fire return
intervals of many sagebrush habitats suggest that “too
much” fire currently affects the landscape relative to histori-
cal fire regimes. It is widely documented that increasing
dominance of invasive annual grasses has created a positive
feedback cycle characterized by frequent fire followed by
increased dominance of annual grasses, which further cre-
ate fuel conditions that facilitate combustion (Chambers et
al. 2007). These conditions are exacerbated by wetter and
warmer winters, which are projected throughout the region
in the future.

On the other end of the spectrum, fire exclusion has led
to decreased fire return intervals, which may be responsible
for Douglas-fir (Pseudotsuga menziesii) encroachment into
montane grasslands (Arno and Gruell 1986), and into higher
elevation sagebrush habitats, especially those dominated by
mountain big sagebrush (Heyerdahl et al. 2006) (fig. 7.4).
Overall, the invasive species of greatest concern in sage-
brush communities throughout Northern Rockies rangelands
is cheatgrass (Bromus tectorum), although Japanese brome
(B. japonicus) and leafy spurge (Eurphorbia esula) are also
concerns in the northern Great Plains. Recent range expan-
sion of cheatgrass is particularly prominent in the western
half of the Northern Rockies region and can be somewhat
explained by genetic variation leading to increased survival
and persistence in otherwise marginal habitats (Merrill
et al. 2012; Ramakrishnan et al. 2006). This rapid range

Figure 7.4—Conifer encroachment, predominantly ponderosa
pine into a montane grassland, including the ubiquitous
graminoid rough fescue (photo: Mary Manning, USDA
Forest Service).
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expansion may be enhanced by elevated atmospheric CO,
concentrations and increased soil disturbance (Chambers

et al. 2014). Improper grazing, a term referring to the mis-
management of grazing that produces detrimental effects on
vegetation or soil resources, can exacerbate these conditions
(see chapter 6). Generally, however, U.S. rangelands are

not improperly grazed (Reeves and Bagget 2014; Reeves
and Mitchell 2011) to the point of degradation; improper
grazing is not the normal condition across rangelands in the
Northern Region. Where improper grazing does occur, it can
accelerate the annual grass invasion/fire cycle, especially

in some sagebrush types, the northern Great Plains, and
montane grasslands.

Broad-Scale Vulnerability of
Rangelands to Climate Change

Determining the vulnerability of rangeland vegetation
is a difficult task. Uncertainty exists in the projections of
future climatic conditions as well as in expected effects of
vegetation. Given the lack of studies focused on manipu-
lated climate on vegetation performance, we are limited to
past observations, some published scientific studies, and our
collective best judgment. Despite the paucity of relevant
studies and the uncertainty of projected climates, a few
elements of climate change are increasingly recognized as
potential outcomes. In this section, we briefly discuss some
overarching expected climatic conditions against which we
estimate likely outcomes for vegetation in each of the four
identified vegetation classes.

Projected temperature increases (Intergovernmental
Panel on Climate Change [IPCC] 2014; see also Capter
3) are expected to increase evaporative demand (e.g.,
potential evapotranspiration) (Klos et al. 2014) and pose
the greatest overall temperature stress of all the estimated
future climate outcomes (Polley et al. 2013). Projected
changes in precipitation patterns and increasing potential
evapotranspiration could encourage more frequent and
intense fires from the effects of early-season plant growth
combined with the desiccating effects of warmer, drier sum-
mers (Morgan et al. 2008). Collectively, these changes may
result in considerably drier soils, particularly in the summer
months when plants are phenologically active (Bradford et
al. 2014; Polley et al. 2013). However, winter precipitation
is projected to increase by 10 to 20 percent in the Northern
Rockies region (IPCC 2014; Shafer et al. 2014; see also
Chapter 3), which may compensate for increasing severity
and frequency of droughts. In addition, rising CO, levels
may offset water loss due to higher evaporative demand by
increasing stomatal closure and water use efficiency.

Warmer winters and decreasing snowpack may also be
significant factors affecting rangeland vegetation classes
(discussed next). Minimum temperatures are expected to
increase more than maximum temperatures, providing
longer frost-free periods. Warmer, wetter winters would
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favor early-season plant species and tap-rooted species that
are able to reach accumulated early growing season soil
water (Polley et al. 2013). These conditions are projected to
significantly increase annual area burned and fire intensity
(Westerling et al. 2006).

Northern Great Plains, Dominated by
Mixtures of Cool-Season and Warm-
Season Grasses

Eastern grasslands are expansive across the northern
Great Plains, extending from the foothill grasslands along
the east slope of the northern and central Rocky Mountains
in Montana to the Red River basin in eastern North Dakota.
Annual precipitation increases from west to east and ecolog-
ical provinces change from dry temperate steppe to humid
temperate prairie parkland along this gradient (Cleland et
al. 2007). Grasslands are the predominant potential vegeta-
tion type, occupying about 80 percent of the northern Great
Plains landscape. Kiichler (1975) divides the potential
natural vegetation of this area into shortgrass prairie, north-
ern mixed grass prairie, and tallgrass prairie, reflecting the
changing precipitation regime. The shortgrass prairie bor-
ders the foothill grasslands and extends to eastern Montana.
The typical grassland vegetation types are characterized by
grama (Bouteloua spp.)/needlegrass (Stipa spp.)/wheatgrass
(Pseudoroegneria spp.) and a mix of C3 and C4 plant spe-
cies. The northern mixed grass prairie borders the shortgrass
prairie in eastern Montana and extends to eastern North
Dakota. Typical grassland vegetation types are characterized
by wheatgrass/needlegrass in the west and wheatgrass/blue-
stem (Andropogon spp.)/needlegrass to the east, including a
mix of C3 and C4 plant species. The tallgrass prairie borders
the northern mixed grass prairie in eastern North Dakota and
South Dakota and borders the eastern hardwood forest to the
east. The typical grassland vegetation types are character-
ized by bluestem and a dominance of C4 grasses, although
C3 grass species are present.

Frequent fire was a major factor in maintaining grass-
land dominance, particularly in the eastern Great Plains.
Settlement in the late 19 and early 20™ centuries altered
fire regimes by reducing fire frequency and changing the
seasonality of fire. The predominant land use and land cover
changed from grasslands to crop agriculture and domestic
livestock production, affecting the continuity of fuels and
fire spread. Reduced fire coupled with increased CO, has
encouraged woody plant encroachment, primarily in the
eastern Great Plains (Morgan et al. 2008).

Other stressors include increased presence and abun-
dance of competitive invasive grass and forb species.

These species reduce plant diversity of native grasslands
and alter grassland structure. Noxious weeds such as leafy
spurge (Euphorbia esula) are abundant in places, and other
invasive nonnative species include Kentucky bluegrass (Poa
pratensis), Japanese brome, and cheatgrass. In addition,
energy development and the associated infrastructure frag-
ments local grassland patterns where it occurs. Roads and

USDA Forest Service RMRS-GTR-374. 2018



CHAPTER 7:

traffic increase opportunities for introduction and spread of
invasive species.

Soil water availability and water stress are principal
driving factors in semiarid grasslands, influencing plant
species distribution, plant community composition and
structure, productivity, and associated social and economic
systems of the northern Great Plains. Soil water availability
is influenced by complex interactions among temperature,
precipitation, topography, soil properties, and ambient CO,
(Ghannoum 2009; Morgan et al. 2011). These physical
factors interacting with plant species physiological mecha-
nisms, particularly those of C3 and C4 plants, will influence
how grasslands will respond to climate change and elevated
atmospheric CO, levels (Bachman et al. 2010; Chen et al.
1996; Ghannoum 2009; Morgan et al. 2011).

Auvailable soil water is unevenly distributed across
landscapes and is a function of landform, topography, and
soil properties. Soil moisture loss through evapotranspira-
tion is influenced by slope, aspect, and solar loading at the
ground surface, and water holding capacity is influenced by
soil properties. These characteristics in the northern plains
may modify the effects of climate change and enhanced
CO, locally. Landscape patterns of available soil water may
result in uneven patterns of vegetation change and produc-
tivity under changing temperature and moisture regimes
and elevated CO, levels. The desiccating effect of higher
temperature and increased evaporative demand (Morgan et
al. 2011) is expected to offset the benefit of higher precipita-
tion, resulting in lower soil water content and increased
drought throughout most of the Great Plains (Morgan et
al. 2008). Elevated CO, may counter the effects of higher
temperatures and evaporative demand by improving water
use efficiency of plants (Morgan et al. 2011).

Rising CO, and temperature combined with increased
winter precipitation may favor some herbaceous forbs,
legumes, and woody plants (Morgan et al. 2008). Plant
productivity is expected to increase with projected changes
in temperature and moisture combined with elevated CO,
(Morgan et al. 2008). Forage quality may decline as a result
of less available forms of soil nitrogen and changes in plant
species and functional groups (Morgan et al. 2008). A major
shift in functional groups from C3 to C4 plants is possible
but uncertain; warmer temperature and longer growing
seasons favor C4 grasses, but the effects of higher CO, on
water-use efficiency may benefit C3 grasses. Most invasive
species are C3 plants, so they may become more problem-
atic with the benefits of increased CO, (Morgan et al. 2008).

The adaptive capacity of Great Plains grasslands during
the drought of the 1930s and 1950s was documented for
the central plains (Weaver 1968). There was a shift in C4
grasses, in which big bluestem (Andropogon gerardii) and
little bluestem (Schizachyrium scoparium) were replaced by
the shortgrass species blue grama (Bouteloua gracili) and
buffalograss (B. dactyloides). Shifts from tallgrass prairie to
mixed grass prairie were also documented with an increase
in the C3 plants western wheatgrass and needlegrass. This
shift was later reversed during the higher precipitation
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period of the 1940s, indicating historical adaptive capac-
ity of Great Plains grasslands to the effects of long-term
drought. These shifts were also affected by grazing condi-
tion of the grasslands before the drought.

Risk Assessment

Magnitude of effects: Moderate magnitude for change
from temperate grassland to subtropical grassland by 2050
under no fire suppression. Change toward increased woody
vegetation by 2050 with fire suppression. High magni-
tude for change from temperate grassland to subtropical
grassland by 2100. Moderate magnitude for change toward
woody vegetation by 2100.

Likelihood of effects: Moderate likelihood for change
from temperate grassland to subtropical grassland by 2050
with no fire suppression, and moderate likelihood for change
to increased woody vegetation by 2050 with fire suppres-
sion. The response of C3 and C4 species to the combined
effects of higher temperature and elevated CO, is uncertain.

Communities Dominated by Montane
Shrubs

Montane shrubs are typically associated with montane
and subalpine forests, and occur as large patches within
forested landscapes. Species such as Rocky Mountain
maple (Acer glabrum), oceanspray (Holidiscus discolor),
tobacco brush (Ceanothus velutintis var. velutinus), Sitka
alder (Alnus viridus subsp. sinuata), thimbleberry (Rubus
parviflorus), chokecherry (Prunus virginiana), serviceberry
(Amelanchier alnifolia), currant (Ribes spp.), snowberry
(Symphoricarpos albus), Scouler willow (Salix scouleri-
ana), and mountain ash (Sorbus scopulina) are common.

Montane shrubs persist on sites where regular distur-
bance kills the top of plants. This, along with full sunlight
and adequate soil moisture, stimulates regrowth from the
root crown, rhizomes, and roots. Stressors include fire
exclusion and conifer establishment, browsing by both
native and domestic wildlife, and insects and disease. Loss
of topsoil following frequent, hot fires, can lead to loss of
these species over time (Larsen 1925; Wellner 1970). Mesic
shrubs are well adapted to frequent fire, and under the
right conditions can expand and outcompete regenerating
conifers. However, with declining snowpack and warmer
temperatures, fires may be hotter and sites may be drier,
causing variable amounts of mortality, depending on site
conditions.

Mesic shrubs are well adapted to frequent fire (Smith
and Fisher 1997) and sprout vigorously after fire, enabling
them to quickly regain dominance on the site. As sites
become drier and fires become more frequent and severe,
however, there may be a shift away from mesic species to
more xeric species such as rubber rabbitbrush (Ericameria
nauseosa), green rabbitbrush (Chrysothamnus viscidiflo-
rus), and spineless horsebrush (Tetradymia canescens).
Nonnative invasive plant species may also expand into these
communities, particularly following fire (Bradley 2008;
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D’ Antonio and Vitousek 1992). With warmer temperatures
and drier soils, some mesic shrub species (e.g., Sitka alder
and Rocky Mountain maple) may shift their distribution up
in elevation or to cooler, moister sites (e.g., northeast-facing
depressions).

Risk Assessment

Magnitude of effects: Moderate
Likelihood of effects: High

Montane Grasslands

Montane grasslands are associated with mountain-
ous portions of the Northern Rockies region including
the Palouse prairie and canyon grasslands of northern and
central Idaho. Montane grasslands occur in intermountain
valleys, foothills, and mountain slopes from low to relative-
ly high elevation. They are dominated by C3 grasses, along
with a large number of forbs and upland sedges. Shrubs and
trees may occur with low cover. Dominant species include
bluebunch wheatgrass (Pseudoroegneria spicata), rough
fescue (Festuca campestris), Idaho fescue (F. idahoensis),
Sandberg bluegrass (Poa secunda), needle-and-thread
(Hesperostipa comata), western wheatgrass (Pascopyrum
smithii), prairie junegrass (Koeleria macrantha), western
needlegrass (Achnatherum nelsonii), and Richardson’s
needlegrass (4. richardsonir).

Many low-elevation grasslands have been converted to
agricultural use or are grazed by domestic livestock. They
have also been subjected to extensive human use and land
use conversion. Those grasslands that remain, particularly at
lower elevations, are typically highly disturbed, fragmented,
and frequently occupied by many nonnative invasive plant
species. Prolonged improper livestock grazing, native
ungulate herbivory, and nonnative invasive plants are the
primary stressors in these grasslands (Finch 2012). Loss of
topsoil can occur if vegetation cover and density decline and
bare ground increases. Lack of fire is also a chronic stressor
because conifers from lower montane forests can become
established in some areas, and can increase in density and
cover with fire exclusion (Arno and Gruell 1986; Heyerdahl
et al. 2006). As conifer density and cover increase with fire
exclusion, grass cover declines because most grassland
species are shade-intolerant (Arno and Gruell 1983). If
fires become hotter and more frequent, however, there is an
increased risk of mortality of native species and invasion by
nonnative plant species. But invasive plants may not always
establish and dominate a site (Ortega et al. 2012; Pearson et
al., in review) under these conditions. If spring and winter
precipitation increase, some expect exotic annual grasses,
particularly cheatgrass, which germinates in the winter/early
spring, to establish and set seed earlier than native perennial
grasses (Finch 2012). This would create an uncharacteristic,
continuous fine fuel load that is combustible by early sum-
mer and capable of burning native perennial grasses often
before they have matured and set seed (Bradley 2008;
Chambers et al. 2007). Other nonnative species, such as
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spotted knapweed (Centaurea melitensis), Dalmatian toad-
flax (Linaria dalmatica), butter-and-eggs (Linaria vulgaris),
and sulphur cinquefoil (Potentilla recta) respond favorably
after fire and can increase in cover and density.

Nonnative invasive plant species will probably expand,
particularly in the lower elevation grassland communities,
because resistance to invasion may decrease as these com-
munities become warmer and drier (Chambers et al. 2014).
Greater disturbance is likely to increase the rate and mag-
nitude of infestation (Bradley 2008). In addition, drier site
conditions coupled with ungulate effects (grazing, browsing,
hoof damage) and the associated increases in surface soil
erosion may increase bare ground (Washington-Allen et al.
2010). Low-elevation grasslands may shift in dominance
towards more drought-tolerant species. Some model output,
such as MC2 (Bachelet et al. 2001) (see Chapter 6), suggests
that C3 grasslands will decline and C4 grasslands will ex-
pand based solely on temperature trends. However, elevated
CO, favors C3 grasses and enhances biomass production,
whereas warming favors C4 grasses due to increased water
use efficiency (Morgan et al. 2004a, 2007). Although C3
grasses dominate western montane grasslands, a warmer
and drier climate may allow C4 grasses (primarily northern
Great Plains species) to expand westward into montane
grasslands. In general, it is likely that with increased
warming and more frequent fires, grasslands will become
a more dominant landscape component as shrublands and
lower montane conifer forests are burned more frequently
and unable to regenerate. Increasing fire would also lead to
the expansion of invasive species into grasslands (Bradley
2008; D’ Antonio and Vitousek 1992).

Risk Assessment

Magnitude of effects: High
Likelihood of effects: High

Sagebrush Systems

Communities Dominated by Wyoming Big
Sagebrush and Basin Big Sagebrush

The current distribution of Wyoming big sagebrush eco-
systems in the Northern Rockies region is generally patchy
throughout most of Montana with more spatially consistent
cover in the Eastern Rockies and Grassland subregions
(Comer et al. 2002). As previously mentioned, the distribu-
tion of basin big sagebrush habitats is generally restricted to
deeper soils, often including alluvial fans. Stressors to both
Wyoming and basin big sagebrush communities include
prolonged improper livestock grazing, native ungulate
herbivory, and nonnative invasive plants. Loss of topsoil
can occur if vegetation cover and density decline and bare
ground increases, primarily caused by ungulate impacts
(e.g., grazing and mechanical/hoof damage). In contrast
with mountain and basin big sagebrush habitats, Wyoming
big sagebrush habitats spatially coincide with oil and gas
development, which is prominent on the eastern edge of
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its distribution. The Grassland and Greater Yellowstone
Area subregions contain the largest extent of these two big
sagebrushes, although the Western Rockies subregion may
contain the largest amount of basin big sagebrush.

Big sagebrush ecosystems have decreased in spatial extent
in the 20™ century (Bradley 2010; Knick et al. 2003; Manier
et al. 2013; Noss et al. 1995) because of oil and gas develop-
ment (Doherty et al. 2008; Walston et al. 2009), removal of
big sagebrushes to increase livestock forage (Shane et al.
1983), plant pathogens and insect pests (Haws et al. 1990;
Nelson et al. 1990), improper grazing (Davies et al. 2011),
invasive species (D’ Antonio and Vitousek 1992; Davies
2011), and changes in disturbance regimes (Baker 2011;
Balch et al. 2013). Oil and gas development, along with ur-
banization and land conversion for agriculture and livestock
grazing, lead not only to habitat loss, but to fragmented habi-
tat patches (Naugle et al. 2011), resulting in barriers to plant
dispersal, avoidance by greater sage-grouse, and loss of obli-
gate and facultative wildlife species (Rowland et al. 2006). In
addition to habitat destruction of big sagebrush ecosystems,
several stressors can cause big sagebrush dieback and reduce
its biomass and density, including insect pests (Haws et al.
1990), plant pathogens (Cardenas et al. 1997; Nelson et al.
1990), and frost damage (Hanson et al. 1982). Improper use
by domestic livestock alters the structure and composition
of big sagebrush ecosystems through the loss of palatable
components of the plant community (i.e., perennial grasses
and forbs), along with reducing or increasing big sagebrush
cover (Anderson and Holte 1981; Brotherson and Brotherson
1981), and increasing the probability of nonnative annual
grass invasion (Cooper et al. 2007; Davies et al. 2011; Knapp
and Soulé 1996). Cheatgrass has reduced the spatial distribu-
tion and habitat quality of sagebrush ecosystems throughout
much of the western United States (Balch et al. 2013; Brooks
et al. 2004).

Invasion by cheatgrass will pose an even greater threat to
big sagebrush ecosystems in the future because of projected
increases in its biomass production and in fire frequency
due to rising temperature and CO, levels (Westerling et al.
2006; Ziska et al. 2005). Although less studied, field brome
(Bromus arvensis) can also negatively affect big sagebrush
plant communities because it can colonize readily after
stand-replacing fires that eliminate big sagebrushes (Cooper
et al. 2007).

Several life history traits of big sagebrushes make them
sensitive to direct and indirect effects of climate change.
Amount and timing of precipitation control seeding estab-
lishment at low elevation, whereas minimum temperature
and snow depth control germination and survival at high
elevations (Nelson et al. 2014; Poore et al. 2009; Schlaepfer
et al. 2014a). Drought events are projected to increase
in the western United States in the future (IPCC 2014),
although the likelihood of increased drought in the Northern
Rockies Region is uncertain (see Chapter 3). Big sagebrush
ecosystems remain vulnerable to drought, which may affect
germination and survival of seedlings because soil water
content primarily controls seedling survival (Schlaepfer et
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al. 2014a). Big sagebrush seedling survival may be high-
est in intermediate temperature and precipitation regimes
(Schlaepfer et al. 2014b). Even after seedling establishment,
drought and increased summer temperature can affect
survival and growth of adult plants because growth is posi-
tively correlated with winter precipitation and winter snow
depth (Poore et al. 2009). Thus, if drought events increase
in frequency and severity in the Northern Rockies region,
big sagebrush biomass and the abundance and diversity of
perennial grasses and forbs may decrease.

It is uncertain if big sagebrush species can move in
concert with shifting temperature and precipitation regimes
and disperse to available habitat patches and colonize them.
Most big sagebrush seeds (50—60 percent) are not viable in
the seedbank after 2 years, with few viable seed in the upper
soil (Wijayratne and Pyke 2009, 2012). Furthermore, big
sagebrushes are poor dispersers (Schlaepfer et al. 2014a;
Young and Evans 1989) and seed production is episodic
(Young et al. 1989). Even if big sagebrush seeds success-
fully disperse and germinate in response to a changing
climate, probabilities of seedling establishment and adult
survivorship are uncertain because big sagebrushes are
poor competitors relative to associated herbaceous species
(Schlaepfer et al. 2014a).

Big sagebrushes are sensitive to fire and cannot resprout
(Shultz 2006). Recovery from seed dispersal can take 50 to
150 years (Baker 2006, 2011), so postfire recovery may be-
come a problem in the future, if the frequency and intensity
of fires increase as projected (Abatzoglou and Kolden 2011;
Westerling et al. 2006). Regeneration of big sagebrushes
postfire is strongly linked to winter precipitation (Nelson et
al. 2014), which is expected to increase by 10 to 20 percent
in the Northern Rockies region by 2100 (IPCC 2014; Shafer
et al. 2014). Although more frequent fire may result in larger
losses of big sagebrush habitat in the future, recovery of big
sagebrushes may be less impeded. It is also possible that
much of this increased precipitation will come as rainfall
(Klos et al. 2014), which could, in turn, promote herbaceous
growth that might suppress sagebrush recovery in some
instances.

Climate change will result in shifts in the distribution of
conditions suitable to support big sagebrushes and hence the
spatial configuration of big sagebrush habitat, with direct
and indirect effects on sagebrush-dependent species (e.g.,
greater sage-grouse). Several studies using species distribu-
tion modeling (SDM) have projected that big sagebrushes
will move northward and up in elevation in response to
increased winter temperatures and summer drought associ-
ated with climate change (Schlaepfer et al. 2012; Shafer
et al. 2001). Although big sagebrush species may expand
northward and upslope, their habitat is predicted to contract
significantly due to increased soil moisture stress, primarily
at southern latitudes and lower elevations (fig. 7.5).

The probability of big sagebrush regeneration has been
projected to increase at the leading edge of their range (i.e.,
northern range limit) under future climatic conditions, sug-
gesting potential northward range expansion with climate
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Figure 7.5—Mean and standard deviation of percent of subregions burned across three time spans (historic, 2030-2050,

2080-2100) and without/with fire suppression.

change (Schlaepfer et al. 2015). This is in part due to chang-
es in habitat suitability because soil water conditions at the
leading edge will be similar to current soil water patterns in
big sagebrush systems. Habitat suitability for big sagebrush
species is predicted to increase primarily in northeastern and
north-central Montana (Schlaepfer et al. 2015; Schrag et al.
2011) (fig. 7.5). In contrast, habitat suitability is predicted to
decrease in parts of the Western Rockies and northwestern
Greater Yellowstone Area subregions (fig. 7.5), primarily
from summer drought (Schlaepfer et al. 2012; Schlaepfer et
al, in review). However, expansion of big sagebrush species
out of unsuitable habitat and into suitable habitat is con-
tingent on the ability of the species to disperse to available
habitat patches and compete with other species.

In addition to changes in big sagebrush distribution,
shifts in community composition and productivity are
expected with climate change. Because of the uncertainty
about length and severity of drought events in the future, the
projected shifts in community composition and productivity
in big sagebrush ecosystems in response to climate change
remain uncertain. If drought events do increase in the
Northern Rockies region, native herbaceous plant diversity
and cover may be reduced. In contrast, in nondrought years,
warming temperatures and increased levels of CO, may
lead to increased biomass production (Reeves et al. 2014),
more frequent fires, and increases in herbaceous biomass at

286

the expense of fire-intolerant shrubs, such as big sagebrush
species.

Paleoecological studies have shown that species move in-
dividualistically and at different rates in response to climate
change, resulting in novel combinations of species (Delcourt
and Delcourt 1981). Even species in the same functional
group (e.g., grasses) may respond differentially to climate
change (Anderson and Inouye 2001). Thus, big sagebrush
plant communities are unlikely to migrate as a unit in
response to altered temperature and precipitation. The
response of individual species to climate change will depend
on both physiological tolerances and competitive ability.

Shifts in disturbance regimes (e.g., fire, insects,
pathogens) associated with climate change may affect big
sagebrush ecosystems in the future. Disturbances affect
vegetation directly by killing individuals and removing
aboveground biomass, and indirectly by altering soil condi-
tions. Climate change and disturbance may have additive
effects on soil water balance in big sagebrush ecosystems,
decreasing soil water content (Bradford et al. 2014) and
resulting in diminished growth and regeneration (Poore et
al. 2009). Increased disturbance frequency could reduce
the spatial extent of big sagebrush in the future, despite
increased habitat suitability and regeneration potential,
because big sagebrush is incapable of resprouting after
disturbance (Shultz 2006). As with other vegetation types,
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there is great uncertainty and variability regarding estimates
of fire return intervals of stands dominated by big sagebrush
species. For example, in the Northern Rockies, Lesica et

al. (2007) suggest that fire return intervals for Wyoming

big sagebrush are longer than for basin big sagebrush and
mountain big sagebrush, and range from 50 to 150 years,
whereas Baker (2011, 2013) and Bukowski and Baker
(2013) estimate ranges of 200 to about 350 years.

The long fire return intervals to which Wyoming big
sagebrush is adapted are related to its very slow postfire
recovery, as low as 2 percent recovery 23 years after fire
(Lesica et al. 2007). The slow recovery of these systems is
partly due to slow growth rates and harsher environmental
conditions in many sites in the Northern Rockies region.
Basin big sagebrush canopy cover development and growth
are faster than for Wyoming big sagebrush (Booth et al.
1990; Lesica et al. 2007; McArthur and Welch 1982).
Invasive annual grasses such as cheatgrass may exacerbate
slow growth.

Big sagebrush ecosystems have some capacity to adapt
to climate change. Big sagebrush species occur over a large
geographic area with high diversity in topography, soils, and
climate, suggesting that these species can withstand a rela-
tively broad range of ecological conditions and may tolerate
shifting climates. Various subspecies of big sagebrush often
hybridize and have a high level of polyploidy, providing them
with the capacity to undergo selection and adapt to shifting
climatic regimes relatively quickly (e.g., Poore et al. 2009).

Although lower soil water availability may pose a threat
to big sagebrush ecosystems, long periods of sustained
drought would be needed to cause mortality (Kolb and
Sperry 1999). Even though big sagebrush habitat suit-
ability is projected to change across space (e.g., decreasing
suitability in northwestern Wyoming and across much of
western Montana), big sagebrush species may still persist in
relatively “unsuitable” habitat for some time, perhaps in a
degraded state.

Risk Assessment

Magnitude of effects: Highly variable. In northwestern
Wyoming and western Montana, the effects of climate
change are likely to be low to moderate. Lower water avail-
ability may cause declines in big sagebrush growth and
regeneration, facilitating some habitat contraction. However,
big sagebrush species may expand northward into northern
and eastern Montana, as habitat suitability increases in fu-
ture decades. Despite this generalization, it is also possible
that an increase in fire activity will decrease the extent of
big sagebrush communities in many locations.

Likelihood of effects: Variable. Some contraction in big
sagebrush habitat may occur in northwestern Wyoming and
western Montana, particularly at lower elevations, because
of increased temperature and evapotranspiration. However,
if big sagebrush can successfully exploit changing climatic
conditions, the total area covered by big sagebrush species
in the Northern Rockies region may increase by the end of
the 215! century. Potential expansion may be tempered by
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faster rates of loss if the cheatgrass-fire cycle tracks new
habitats in the northeastern part of the region. It is conceiv-
able that drier sites, such as those with sandy soils, may lose
the ability to regenerate sagebrush, whereas more mesic
sites might still be able to regenerate.

Communities Dominated by Low Sagebrushes
(Black and Low Sagebrush)

The current distribution of low sagebrush ecosystems in
the Northern Rockies region is restricted to about 1 percent
of the total sagebrush habitat as indicated in the LANDFIRE
existing vegetation type (EVT) database. The western por-
tion of the Northern Rockies region contains 50 percent
of the low sagebrush habitat, but limited patches are also
found in the Eastern Rockies subregion and in the Greater
Yellowstone Area subregion, especially on the western edge.
Most of these sites support low sagebrush but not black
sagebrush. Low sagebrush sites are characterized as rela-
tively low-production areas over shallow, claypan soils that
restrict drainage and root growth. Low sagebrush is found
on altitudinal gradients from 2,300 feet to more than 11,500
feet (Beetle and Johnson 1982), and it is generally found
between 6,000 and 9,000 feet in Montana and Idaho. In
contrast, black sagebrush is considerably more restricted in
ecological amplitude and is found on shallow, dry, infertile
soils. Current stressors are predominantly improper use by
livestock and invasion by nonnative species.

Despite growing across a broad range of elevations, low
and black sagebrush are less common than other sagebrush
species. Thus, it is reasonable to assume that as climates
change, ranges could be further restricted, resulting in small
islands being isolated, although this is more likely for black
sagebrush because of its poor competitive ability (West and
Mooney 1972). Both species depend heavily on seeding
for reproduction (Wright et al. 1979) and recovery from
disturbance. In addition, several traits make low sagebrush
species sensitive to climate change. There is high mortal-
ity in the first year of growth (Shaw and Monsen 1990).
Establishment is probably greatest when a thin layer of soil
covers the seeds, and if erosion increases from drought-
induced reductions of plant cover, the already thin soils
may not provide suitable seedbeds for germination. Seed
development and establishment are best in years with ample
precipitation, and if unfavorable conditions for seeding
persist following disturbance, it is reasonable to assume that
low sagebrush species may disappear from some stands, es-
pecially if annual grass invasion occurs concomitantly with
unfavorable growth conditions.

Climate change will result in shifts in the distribution of
conditions suitable to support low sagebrush species and
hence the spatial configuration of low sagebrush habitats.
Both low and black sagebrush are intolerant of fire and do
not resprout. Therefore, increased fire activity will have
negative consequences for both species. Fire return intervals
vary considerably among communities dominated by low
sagebrush species. Estimates of fire return intervals for xeric
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sagebrush communities of the Great Basin range from 35
to more than 100 years (Brown 2000; Riegel et al. 2006),
but intervals of 100 to 200 years for low-productivity black
sagebrush communities have been reported. Especially for
black sagebrush, which usually occupies quite unproductive
sites with small buildup of fuels, these fire return intervals
may be overestimated (Baker 2013). Within the boundaries
and on the periphery of the Greater Yellowstone Area subre-
gion, MC2 results indicate that the proportion of landscape
burned will increase substantially in the future (fig. 7.6),
allowing a higher likelihood of ignition and flaming fronts
to reach some low sagebrush communities. The extent to
which these sites will carry fire depends on herbaceous pro-
duction and probably on magnitude of invasion by annual
grasses (especially cheatgrass). In summary, climate change
may influence low sagebrush systems by reducing seedling
establishment in unfavorable years. In addition, projected
increased fire activity will decrease the abundance of low
sagebrush relative to other species, especially if nonnative
annual grasses, such as medusahead (7aeniatherum caput-
medusae) and cheatgrass, become more prevalent.

Relative to other sagebrush species, low and black
sagebrush have limited adaptive capacity. Black sagebrush
hybridizes with silver sagebrush, and sprouting is thought
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to be a heritable trait in crosses between nonsprouting and
sprouting sagebrushes (McArthur 1994). In the Northern
Rockies region, however, it is unlikely that silver sagebrush
will exhibit a significant presence in areas that support

low sagebrush; the distribution of these species is usually
disjunctive, so the possibility of inheriting sprouting traits
is unlikely. In addition, the relatively low productivity
characterizing low sagebrush sites may also limit adaptive
capacity, especially if other risk factors are present.

Risk Assessment

Magnitude of effects: High. The resilience of many of
these areas is low given the thin and argillic soil properties
characterizing these sites. The magnitude of effects is likely
to increase if other perturbations such as improper recre-
ational or grazing schemes are present. The low adaptive
capacity of this sagebrush type, intolerance of fires, and low
rate of reproduction act in concert to increase the magnitude
of effects.

Likelihood of effects: Moderate to high. Models suggest
increased production at higher elevations (Reeves et al.
2014), increasing the likelihood of fires carrying through
otherwise relatively unburnable landscapes. The problem of
increased flammability will increase, especially if invasive

Figure 7.6—Change in big sagebrush
habitat suitability (a—d) based on
species distribution models using
climate (c)-(d) or ecohydrology (a)-
(b), along with germination (e) and
seedling survival potential (f) for NR
(outlined in bold). Projected change
in big sagebrush habitat suitability
is between 1970-1999 climate and
future A2 scenario (a)-(c) and B1
scenario (b)-(d) 2070-2099 emission
scenarios. Red cells indicate areas
of decrease in big sagebrush habitat
suitability, blue cells indicate areas
of increase, white cells indicate
stable areas, and gray cells indicate
absence of big sagebrush. Maps
of germination (e) and seedling
survival (f) represent current
conditions and are summarized as
fraction of years with successes: red
(0, no years with success), tan (>0),
green (1, every year with success).
Black cells indicate data not
available (data source: Schlaepfer et
al. 2012).
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annual grasses exhibit a significant presence on short sage-
brush sites in the future.

Shrublands Dominated by Sprouting
Sagebrush Species (Threetip and
Silver Sagebrush)

Significant areas of threetip and silver sagebrush shrub-
lands have been converted to agricultural lands. Those
that remain are often used for domestic livestock grazing
because of the palatable herbaceous undergrowth in this
sagebrush type. Those that have had chronic improper graz-
ing typically have a large amount of bare ground, low vigor
of native herbaceous species, and as a result, nonnative plant
species present in varying amounts. Prolonged improper
livestock grazing, native ungulate herbivory, and nonnative
invasive plants are the primary stressors. Loss of topsoil
can occur if vegetation cover and density decline and bare
ground increases, primarily caused by ungulate impacts
(e.g., grazing and mechanical/hoof damage) (Sheatch and
Carlson 1998; Washington-Allen et al. 2010).

Both species can sprout from the root crown following
top kill (primarily from fire) (Bunting et al. 1987), but this
trait depends on site conditions and fire severity. Silver
sagebrush is a vigorous sprouter (Rupp et al. 1997), whereas
threetip sagebrush is less successful as a sprouter, and its
response varies with site characteristics (Akinsoji 1988;
Bunting et al. 1987). Both species occur on mesic sites;
threetip sagebrush is often associated with mountain big
sagebrush communities, and silver sagebrush typically oc-
cupies moist riparian benches or moist toe slopes. Although
these species will sprout, increased fire frequency and sever-
ity (particularly in threetip communities) may cause a shift
in community composition to dominance by fire-adapted
herbaceous species or nonnative species. Other fire-adapted
shrub species may increase, particularly following fire. In
addition, if spring and winter precipitation increase, exotic
annual grasses may establish and set seed earlier than the
native perennial grasses, particularly in lower elevation
communities (Bradley 2008; D’ Antonio and Vitousek
1992). This creates an uncharacteristic, continuous fine fuel
load that can burn by late spring/early summer, burning
sagebrush and native grasses often before they have matured
and set seed (Chambers and Pellant 2008). Other nonnative
invasive species respond favorably after fire, and, if present,
will increase in cover and density.

Historical fire return intervals for both species are
relatively short and research shows that threetip sagebrush
cover can return to preburn levels 30 to 40 years after fire
(Barrington et al. 1988; Neuenschwander n.d.). Lesica et
al. (2007) found that after a fire in southwestern Montana,
threetip sagebrush cover did not increase by resprouting, but
instead established from seed. These generalizations will
vary considerably depending on site conditions and postfire
management. All three subspecies of silver sagebrush sprout
after fire, and along with threetip, also typically occur on
more mesic sites. With a warmer and drier climate, not only

USDA Forest Service RMRS-GTR-374. 2018
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may frequent high-severity burns cause initial mortality, but
sites may not be as favorable for postfire vegetation regen-
eration (from sprouting, regrowth, or seed). Invasive species
are likely either to expand into these communities after fire
or to increase in abundance in altered conditions that are
less favorable to the native plant community.

Understory composition in both communities may
possibly shift to more-xeric grassland species (e.g., blue-
bunch wheatgrass, needle-and-thread grass [Hesperostipa
comata)), which are better adapted to warmer and drier con-
ditions. Both of these sagebrush species may shift landscape
position to sites with more moisture and cooler temperature
(e.g., higher elevation, lower landscape position, and north-
east aspects).

Risk Assessment

Magnitude of effects: Moderate
Likelihood of effects: High

Mountain Big Sagebrush Shrublands

Some areas of mountain big sagebrush shrublands have
been converted to agricultural lands, and those that remain
are used for domestic livestock grazing, primarily because
of the palatable herbaceous undergrowth. Those that have
had chronic improper grazing typically have high bare
ground and low vigor of native herbaceous species; as a re-
sult, nonnative plant species are present in varying amounts.
Prolonged improper livestock grazing, native ungulate
herbivory, and invasive nonnative plants are the primary
stressors. Loss of topsoil can occur if vegetation cover and
density decline and bare ground increases due to improper
grazing and other impacts, primarily caused by ungulates
(e.g., grazing and mechanical/hoof damage). Lack of fire is
also a chronic stressor, facilitating establishment of conifers,
which increase in density and cover over time (Arno and
Gruell 1986; Heyerdahl et al. 2006) while grass cover de-
clines (Arno and Gruell 1983).

Mountain big sagebrush is killed by fire. If fire severity
and frequency increase, there will be a shift in com-
munity composition to dominance by fire-adapted shrub
and herbaceous species and possibly nonnative species.
Fire-adapted shrub species may increase in abundance
following fire (Fischer and Clayton 1983; Smith and
Fischer 1997). In addition, if spring and winter precipita-
tion increase, establishment of nonnative annual grasses
(particularly cheatgrass, which germinates in winter/early
spring) may be facilitated, although this is less likely in
cooler, moister mountain big sagebrush communities than
in lower elevation Wyoming and basin big sagebrush
communities. With a warmer, drier climate, however, the
conditions may be conducive to cheatgrass establishment.
An abundance of cheatgrass creates an uncharacteristic,
continuous fine fuel load that can burn by late spring/early
summer, burning sagebrush and native perennial grasses
often before they have matured and set seed (Chambers et
al. 2007; Pellant 1990; Whisenant 1990), especially in the
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Great Basin. However, other research in the northern edge
of the Great Basin indicates that some sagebrush com-
munities may be less susceptible to cheatgrass invasion
following fire, at least under the current climate (Lavin

et al. 2013; Seefeldt et al. 2007). Other nonnative species
respond favorably after fire and, if present, will increase in
cover and density.

Historically, the fire return intervals were relatively
short but variable—a few decades (Lesica et al. 2007) to
more than 100 years (Baker 2013)—compared to Wyoming
big sagebrush habitat (more than 100 years) (Heyerdahl
et al. 2006; Lesica et al. 2005, 2007). Mountain big sage-
brush regenerates from seeds shed from nearby unburned
plants. It will fully recover between 15 and 40 years after
fire (Bunting et al. 1987), depending on site characteristics
and fire severity. In a warmer and drier climate, frequent
high-severity burns (facilitated by cheatgrass) may not
cause initial mortality and create unfavorable conditions
for postfire regeneration (from sprouting, regrowth, or
seed). There is no viable sagebrush seedbank; if fires burn
large areas and there are no live, seed-bearing sagebrush
nearby, there may be a type conversion to grassland. In
addition, invasive nonnative species are likely either to ex-
pand into these areas after fire, or to increase in abundance
due to altered conditions that no longer favor the native
plant community (Bradley 2008; D’ Antonio and Vitousek
1992).

Mountain big sagebrush is not fire adapted, and may
decline in cover and density or be extirpated in response to
warmer temperatures and increased fire frequency and se-
verity. Over time, especially if fine fuels such as senesced
cheatgrass are present, more frequent fires may eliminate
mountain big sagebrush from a community (Chambers and
Pellant 2008; D’ Antonio and Vitousek 1992; Whisenant
1990). However, because mountain big sagebrush occurs
at higher elevations, typically on more productive cooler,
mesic sites, these communities are typically less invaded
by nonnative species. If these sites become warmer and
drier, however, herbaceous understory composition could
shift to more xeric species that are better adapted, and bare
ground may increase (Chambers et al. 2014). As a result,
invasive species, particularly cheatgrass, could expand into
and establish dominance in these altered communities.

The distribution of mountain big sagebrush possibly
may shift to cooler and moister sites (e.g., higher eleva-
tion, northeast-facing snow-filled depressions). With
climate change, it may be able to persist only in sites with
higher moisture and deeper soils than the surrounding
landscape. Understory composition may shift to more-
xeric grassland species, that are more tolerant of warmer,
drier conditions.

Risk Assessment

Magnitude of effects: Moderate
Likelihood of effects: Moderate
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Adapting Rangeland Vegetation
Management to Climate Change
in the Northern Rockies Region

Rangeland vegetation in the Northern Rockies Region
is likely to be affected by changing fire regimes, increased
drought, and increased establishment of invasive species in
a changing climate. Effects of climate change will also com-
pound existing stressors on rangeland ecosystems caused by
human activities. Thus, adaptation strategies and tactics for
rangeland vegetation focused on increasing the resilience of
rangeland ecosystems, primarily through invasive species
control and prevention (table 7.3).

To control invasive species in rangelands, managers
stressed the importance of using ecologically based invasive
plant management (EBIPM) (Krueger-Mangold et al. 2006;
Sheley et al. 2006). The EBIPM framework focuses on strat-
egies to repair damaged ecological processes that facilitate
invasion (James et al. 2010). For example, prescribed fire
treatments can be used where fire regimes have been altered,
and seeding of desired natives can be done where seed
availability and dispersal of natives is low.

Another adaptation strategy is to increase proactive
management actions to prevent establishment of invasive
species. Early detection, rapid response (EDRR) for new in-
vasions was the most frequently suggested tactic to prevent
invasive species establishment. Other tactics include imple-
menting weed-free policies, conducting outreach to educate
employees and the public about invasive species (e.g., teach
people to clean their boots), and developing weed manage-
ment areas that are collaboratively managed by multiple
agencies, nongovernmental organizations, and the public.

In addition to invasive species control and prevention,
grazing management will be important in maintaining
and increasing resilience of rangelands to climate change.
Climate changes will lead to altered availability of forage,
requiring some reconsideration of grazing strategies. For ex-
ample, reducing grazing in July and August may encourage
growth of desired perennials in degraded systems. Livestock
grazing can also be managed through the development of
site-specific within-season triggers and end point indicators
that would inform livestock movement guides and allow for
the maintenance and enhancement of plant health.

A changing climate has led to a decline of pollinators
in some communities (Potts et al. 2010) and may lead to
phenological mismatches between pollinators and host
plants (Forrest 2015). Pollinator declines may negatively
affect the health of grasslands in the Northern Rockies, and
encouraging native pollinators may be key to sustaining
these ecosystems. Tools to promote native pollinators in-
clude revegetation with native species, appropriate herbicide
and insecticide use, and education. Implementing long-term
monitoring of pollinators can help to identify where treat-
ments can be prioritized.

USDA Forest Service RMRS-GTR-374. 2018
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In montane shrublands, existing stressors include fire
exclusion and conifer establishment, browsing by both
native and domestic ungulates, and insects and disease.
Characteristic species can be lost in these systems with loss
of topsoil following frequent, hot fires. Warmer tempera-
tures and drier conditions with climate change may lead to
an increase in high-severity fires. Adaptation tactics include
implementing fuel reduction projects such as brush cutting,
slashing, mastication, and targeted browsing; reestablishing
appropriate fire regimes may prove beneficial in maintaining
these shrublands and increasing their resilience. To control
invasive vegetation, EDRR and EBIPM can be applied,
along with maintenance of adequate shrub cover, vigor,
and species richness. Educating specialists on ecology and
disturbances affecting shrublands, effects of repeated burns,
reforestation needs, and reporting on weeds will also help to
maintain these systems.

More specific details on adaptation strategies and tactics
that address climate change effects on rangeland vegetation
in each Northern Rockies Adaptation Partnership subregion
are in Appendix 7A.

References

Abatzoglou, J.T.; Kolden, C.A. 2011. Climate change in western
US deserts: Potential for increased wildfire and invasive annual
grasses. Rangeland Ecology and Management. 64: 471-478.

Akinsoji, A. 1988. Postfire vegetation dynamics in a sagebrush
steppe in southeastern Idaho, USA. Vegetation. 78: 151-155.

Alexander, E.B.; Mallory, J.1.; Colwell, W.L. 1993. Soil-elevation
relationships on a volcanic plateau in the southern Cascade
Range, northern California, USA. Catena. 20: 113—128.

Allen, C.R.; Gunderson, L.; Johnson, A.R. 2005. The use of
discontinuities and functional groups to assess relative
resilience in complex systems. Ecosystems. 8: 958-966.

Anderson, J.E.; Holte, K.E. 1981. Vegetation development over
25 years without grazing on sagebrush-dominated rangeland in
southeastern Idaho. Journal of Range Management. 34: 25-29.

Anderson, J.E.; Inouye, R.S. 2001. Landscape-scale changes in
plant species abundance and biodiversity of a sagebrush steppe
over 45 years. Ecological Monographs. 71: 531-556.

Arno, S.; Gruell, G. 1983. Fire history at the forest-grassland
ecotone in southwestern Montana. Journal of Range
Management. 36: 332-336.

Arno, S.; Gruell, G. 1986. Douglas-fir encroachment into mountain
grasslands in southwestern Montana. Journal of Range
Management. 39: 272-276.

Bachelet, D.; Neilson, R.P.; Lenihan, J.M.; [et al.]. 2001. Climate
change effects on vegetation distribution and carbon budget in
the United States. Ecosystems. 4: 164—185.

Bachman, S.; Heisler-White, J.L.; Pendall, E.; [et al.]. 2010.
Elevated carbon dioxide alters impacts of precipitation pulses
on ecosystem photosynthesis and respiration in a semi-arid
grassland. Oecologia. 162: 791-802.

Baker, W.L. 2006. Fire and restoration of sagebrush ecosystems.
Wildlife Society Bulletin. 34: 177-185.

294

EFFECTS OF CLIMATE CHANGE ON RANGELAND VEGETATION IN THE NORTHERN ROCKIES REGION

Baker, W.L. 2011. Pre-EuroAmerican and recent fire in sagebrush
ecosystems. In: Knick, S.T.; Connelly, J.W., eds. Greater sage-
grouse: Ecology and conservation of a landscape species and its
habitats. Berkely, CA: University of California Press: 185-201.

Baker, W.L. 2013. Is wildland fire increasing in sagebrush
landscapes of the western United States? Annals of the
Association of American Geographers. 103: 5-19.

Balch, J.K.; Bradley, B.A.; D’ Antonio, C.M.; [et al.]. 2013.
Introduced annual grass increases regional fire activity across
the arid western USA (1980-2009). Global Change Biology.
19: 173-183.

Barrington, M.; Bunting, S.; Wright, G. 1988. A fire management
plan for Craters of the Moon National Monument. Cooperative
Agreement CA-9000-8-0005. Moscow, ID: University of Idaho,
Range Resources Department. 52 p.

Beetle, A.A.; Johnson, K.L. 1982. Sagebrush in Wyoming.
Laramie, WY: University of Wyoming, Agricultural Experiment
Station. 68 p.

Beniston, M., Diaz, H.F., Bradley, R.S. 1997. Climatic change at
high elevations: An overview. Climatic Change. 36: 233-251.

Booth, G.D.; Welch, B.L.; Jacobson, T.L.C. 1990. Seedling
growth rate of 3 subspecies of big sagebrush. Journal of Range
Management. 43: 432-436.

Bradford, J.; Schlaepfer, D.; Lauenroth, W. 2014. Ecohydrology
of adjacent sagebrush and lodgepole pine ecosystems: The
consequences of climate change and disturbance. Ecosystems.
17: 590-605.

Bradley, B.A. 2008. Regional analysis of the impacts of climate
change on cheatgrass invasion shows potential risk and
opportunity. Global Change Biology: 14: 1-13.

Bradley, B.A. 2010. Assessing ecosystem threats from global and
regional change: Hierarchical modeling of risk to sagebrush
ecosystems from climate change, land use and invasive species
in Nevada, USA. Ecography. 33: 198-208.

Brooks, M. L.; D’ Antonio, C.M.; Richardson, D.M.; [et al.]. 2004.
Effects of invasive alien plants on fire regimes. BioScience. 54:
677-688.

Brotherson, J.D.; Brotherson, W.T. 1981. Grazing impacts on
sagebrush communities of central Utah. Western North
American Naturalist. 41: 335-340.

Brown, J. K. 2000. Chapter 1: Introduction and fire regimes.In:
Brown, J.K.; Smith, J.K., eds. Wildland fire in ecosystems:
Effects of fire on flora. Gen. Tech. Rep. RMRS-GTR-42-vol.
2. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station: 1-8.

Bukowski, B.E., Baker, W.L. 2013. Historical fire in sagebrush
landscapes of the Gunnison sage-grouse range from land-survey
records. Journal of the Arid Environment. 98: 1-9.

Bunting, S. C.; Kilgore, B.M.; Bushey, C.L. 1987. Guidelines
for prescribed burning sagebrush-grass rangelands in the
northern Great Basin. Gen. Tech. Rep. INT-231. Ogden, UT:
U.S. Department of Agriculture, Forest Service, Intermountain
Research Station. 33 p.

Cérdenas, A.; Lewinsohn, J.; Auger, C.; [et al.]. 1997.
Characterization of a sagebrush (Artemisia tridentata ssp.
wyomingensis) die-off on the Handford Site. Richland, WA:
Pacific Northwest National Laboratory.

Chambers, J.C.; Pellant, M. 2008. Climate change impacts on
northwestern and intermountain United States rangelands.
Rangelands. 30: 29-33.

USDA Forest Service RMRS-GTR-374. 2018



CHAPTER 7:

Chambers, J.C.; Bradley, B.A.; Brown, C.A.; [et al.]. 2014.
Resilience to stress and disturbance, and resistance to Bromus
tectorum L. invasion in the cold desert shrublands of western
North America. Ecosystems. 17: 360-375.

Chambers, J.C.; Roundy, B.A.; Blank, R.R.; [et al.]. 2007. What
makes Great Basin sagebrush ecosystems invasible to Bromus
tectorum? Ecological Monographs. 77: 117-145.

Chen, D., Hunt, H. W.; Morgan, J.A. 1996. Responses of a C3
and C4 perennial grass to CO, enrichment and climate change:
Comparison between model predictions and experimental data.
Ecological Modelling. 87: 11-27.

Christensen, L.; Coughenour, M.B.; Ellis, J.E.; [et al.]. 2004.
Vulnerability of the Asian typical steppe to grazing and climate
change. Climatic Change. 63: 351-368.

Cleland, D.T.; Freeouf, J.A.; Keys, J.E.; [et al.]. 2007. Ecological
Subregions: Sections and Subsections for the conterminous
United States. Gen. Tech. Report WO-76D [Map on CD-ROM]
(A.M. Sloan, cartographer). Washington, DC: U.S. Department
of Agriculture, Forest Service, presentation scale 1:3,500,000;
colored.

Comer, P.; Kagan, J.; Heiner, M.; [et al.]. 2002. Current distribution
of sagebrush and associated vegetation in the western United
States (excluding NM and AZ). Interagency Sagebrush Working
Group. http://sagemap.wr.usgs.gov [Accessed July 1, 2014].

Cooper, S.V,; Lesica, P.; Kudray, G. M. 2007. Postfire recovery of
Wyoming big sagebrush shrub-steppe in central and southeast
Montana. Helena, MT: U.S. Department of the Interior, Bureau
of Land Management, State Office, Montana Natural Heritage
Program. 16 p.

D’Antonio, C.M.; Vitousek, P.M. 1992. Biological invasions by
exotic grasses, the grass/fire cycle, and global change. Annual
Review of Ecology and Systematics. 23: 63—87.

Dahlgren, R.A.; Boettinger, J. L.; Huntington, G.L.; [et al.]. 1997.
Soil development along an elevational transect in the western
Sierra Nevada. Geoderma. 78: 207-236.

Davies, K. 2011. Plant community diversity and native plant
abundance decline with increasing abundance of an exotic
annual grass. Oecologia. 167: 481-491.

Davies, K.W.; Boyd, C.S.; Beck, J. L.; [et al.]. 2011. Saving
the sagebrush sea: An ecosystem conservation plan for big
sagebrush plant communities. Biological Conservation. 144:
2573-2584.

Delcourt, P.A.; Delcourt, H.R. 1981. Vegetation maps for eastern
North America: 40,000 yr B.P. to the present. Geobotany. 2:
123-165.

Doherty, K.E.; Naugle, D.E.; Walker, B.L.; [et al.]. 2008. Greater
sage-grouse winter habitat selection and energy development.
The Journal of Wildlife Management. 72:187-195.

Finch, D.M. 2012. Climate change in grasslands, shrublands, and
deserts of the interior American West: A review and needs
assessment. Gen. Tech. Rep. RMRS-GTR-285. Fort Collins,
CO: U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station. 139 p.

Fischer, W.C.; Clayton, B.D. 1983. Fire ecology of Montana forest
habitat types east of the continental divide. Gen. Tech. Rep.
INT-GTR-141. Ogden, UT: U.S. Department of Agriculture,
Forest Service, Intermountain Forest and Range Experiment
Station. 82 p.

USDA Forest Service RMRS-GTR-374. 2018

EFFECTS OF CLIMATE CHANGE ON RANGELAND VEGETATION IN THE NORTHERN ROCKIES REGION

Folke, C.; Carpenter, S.; Walker, B.; [et al.]. 2004. Regime shifts,
resilience, and biodiversity in ecosystem management. Annual
Review of Ecology, Evolution, and Systematics. 33: 557-581.

Forrest, J.R. 2015. Plant-pollinator interactions and phonological
change: What can we learn about climate impacts from
experiments and observations? Oikos. 124: 4-13.

Ghannoum, O. 2009. C4 photosynthesis and water stress. Annals
of Botany. 103: 635-644.

Hanson, C.L.; Johnson, C.W.; Wight, J.R. 1982. Foliage mortality
of mountain big sagebrush [Artemisia tridentata subsp.
vaseyana] in southwestern Idaho during the winter of 1976-77.
Journal of Range Management 35: 142-145.

Haws, B.A.; Bohart, G.E.; Nelson, C.R.; [et al.]. 1990. Insects
and shrub die-off in western states: 1986—89 survey results.
In: McArthur, E.D.; Romney, E.M.; Smith, S.D.; [et al.], eds.
Proceedings symposium on cheatgrass invasion, shrub die-off,
and other aspects of shrub biology and management; 1989
April 5-7; Las Vegas, NV. Gen. Tech. Rep. INT-GTR-276.
Ogden, UT: U.S. Department of Agriculture, Forest Service,
Intermountain Research Station: 127-151.

Heyerdahl, E.K.; Miller, R.F.; Parson, R.A. 2006. History of fire
and Douglas-fir establishment in a savanna and sagebrush-
grassland mosaic, southwestern Montana, USA. Forest Ecology
and Management. 230: 107-118.

Holling, C.S. 1973. Resilience and stability in ecological systems.
Annual Review of Ecology and Systematics. 4: 1-23.

Intergovernmental Panel on Climate Change [IPCC]. 2014.
Climate Change 2013: The physical science basis. Contribution
of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge, UK:
Cambridge University Press.

James, J.J.; Smith, B.S.; Vasquez, E.A.; [et al.]. 2010. Principles
for ecologically based invasive plant management. Invasive
Plant Science and Management. 3: 229-239.

Klos, P.Z.; Link, T.E.; Abatzoglou, J.T. 2014. Extent of the
rain-snow transition zone in the western U.S. under historic

and projected climate. Geophysical Research Letters.
2014GL060500.

Knapp, P.A.; Soulé, P.T. 1996. Vegetation change and the role
of atmospheric CO, enrichment on a relict site in central
Oregon: 1960—1994. Annals of the Association of American
Geographers. 86: 387—411.

Kolb, K.J.; Sperry, J.S. 1999. Differences in drought adaptation
between subspecies of sagebrush (Artemisia tridentata).
Ecology. 80: 2373-2384.

Krueger-Mangold, J.M.; Sheley, R.L.; Svejcar, T.J. 2006. Toward
ecologically-based invasive plant management on rangeland.
Weed Science. 54: 597-605.

Kiichler, A.W. 1975. Potential natural vegetation of the
conterminous United States. 2nd ed. Map 1:3,168,000.
Washington, DC: American Geographical Society.

Larsen, J.A. 1925. Natural reproduction after forest fires in
northern Idaho. Journal of Agricultural Research. 30:
1177-1197.

Lavin, M.; Brummer, T.; Quire, J.; [et al.]. 2013. Physical
disturbance shapes vascular plant diversity more profoundly
than fire in the sagebrush steppe of southeastern Idaho, U.S.A.
Ecology and Evolution. 3: 1626-1641.

295



CHAPTER 7:

Leakey, A.D.B. 2009. Rising atmospheric carbon dioxide
concentration and the future of C4 crops for food and fuel.
Proceedings of the Royal Society B: Biological Sciences. 276:
2333-2343.

Lesica, P.; Cooper, S.V.; Kudray, G. 2005. Big sagebrush shrub-
steppe postfire succession in southwest Montana. Report to the
Montana Heritage Program. Unpublished report on file with:
U.S. Department of the Interior, Bureau of Land Management,
Dillon Field Office, Helena, MT. 29 p. plus appendices.

Lesica, P.; Cooper, S.V.; Kudray, G. 2007. Recovery of big
sagebrush following fire in southwest Montana. Rangeland
Ecology and Management. 60: 261-269.

Lund, G.H. 2007. Accounting for the world’s rangelands.
Rangelands. 29: 3—10.

Manier, D.J.; Wood, D.J.A.; Bowen, Z.H.; [et al.]. 2013. Summary
of science, activities, programs, and policies that influence the
rangewide conservation of greater sage-grouse (Centrocercus
urophasianus). Open-File Rep. 2013-1098. Reston, VA: U.S.
Geological Survey.

McArthur, E.D. 1994. Ecology, distribution, and values of
sagebrush within the Intermountain region. In: Monsen,

S.B.; Kitchen, S.G., compilers. Proceedings—Ecology and

management of annual rangelands; 1992 May 18-22; Boise, ID.

Gen. Tech. Rep. INT-GTR-313. Ogden, UT: U.S. Department
of Agriculture, Forest Service, Intermountain Research Station:
347-351.

McArthur, E.D.; Welch, B.L. 1982. Growth rate differences among
big sagebrush (4Artemisia tridentata) accessions and subspecies.
Journal of Range Management. 35: 396-401.

Merrill, K.R.; Meyer, S.E.; Coleman, C.E. 2012. Population
genetic analysis of Bromus tectorum (Poaceae) indicates recent
range expansion may be facilitated by specialist genotypes.
American Journal of Botany. 99: 529-537.

Morgan, J.A.; Derner, J. D.; Milchunas, D. G.; [et al.]. 2008.
Management implications of global change for Great Plains
rangelands. Rangelands. 30: 18-22.

Morgan, J.A.; LeCain, D.R.; Pendall, E.; [et al.]. 2011. C4 grasses
prosper as carbon dioxide eliminates desiccation in warmed
semi-arid grassland. Nature. 476: 202-206.

Morgan, J.A.; Milchunas, D.G.; LeCain, D.R.; [et al.]. 2007.
Carbon dioxide enrichment alters plant community structure
and accelerates shrub growth in the short grass steppe.
Proceedings of the National Academy of Sciences, USA. 104:
14724-14729.

Morgan, J.A.; Mosier, A.R.; Milchunas, D.G.; [et al.]. 2004a. CO,
enhances productivity, alters species composition, and reduces
digestibility of short grass steppe vegetation. Ecological
Applications. 14: 208-219.

Morgan, J.A.; Pataki, D.E.; Korner, C.; [et al.]. 2004b. Water
relations in grassland and desert ecosystems exposed to
elevated atmospheric CO,. Oecologia. 140: 11-25.

Nakiéenovi¢, N.; Davidson, O.; Davis, G.; [et al.]. 2000. Special
report on emissions scenarios: A special report of Working
Group III of the Intergovernmental Panel on Climate Change.
Cambridge, UK: Cambridge University Press. 599 p.

296

EFFECTS OF CLIMATE CHANGE ON RANGELAND VEGETATION IN THE NORTHERN ROCKIES REGION

Nelson, D.L.; Weber, D.J.; Garvin, S.C. 1990. The possible role
of plant disease in the recent wildland shrub dieoff in Utah.
In: McArthur, E.D.; Romney, E.M.; Smith, S.D.; Tueller, P.T.,
eds. Proceedings symposium on cheatgrass invasion, shrub
die-off, and other aspects of shrub biology and management;
1989 April 5-7; Las Vegas, NV. Gen. Tech. Rep. INT-GTR-276.
Ogden, UT: U.S. Department of Agriculture, Forest Service,
Intermountain Research Station: 84-90.

Nelson, Z.J.; Weisberg, P.J.; Kitchen, S.G. 2014. Influence of
climate and environment on postfire recovery of mountain big
sagebrush. International Journal of Wildland Fire. 23: 131-142.

Neuenschwander, L.F. [n.d.]. The fire induced autecology of
selected shrubs of the cold desert and surrounding forests:
A state-of-the-art review. Moscow, ID: University of Idaho,
College of Forestry, Wildlife and Range Sciences. Unpublished
manuscript on file at: U.S. Department of Agriculture, Forest
Service, Intermountain Fire Sciences Laboratory, Missoula,
MT. 30 p.

Noss, R.F.; LaRoe, E.T., III; Scott, J.M. 1995. Endangered
ecosystems of the United States: A preliminary assessment of
loss and degradation. Washington, DC: National Biological
Service.

Ortega, Y.; Pearson, D.E.; Waller, L.P.; [et al.]. 2012. Population-
level compensation impedes biological control of an invasive
forb and indirect release of a native grass. Ecology. 93:
783-792.

Owensby, C.E.; Ham, J.M.; Knapp, A.K.; [et al.]. 1999. Biomass
production and species composition change in a tallgrass prairie
ecosystem after long-term exposure to elevated atmospheric
CO,. Global Change Biology. 5: 497-506.

Pearson, D.E.; Ortega, Y.K.; Eren, O.; [et al.]. [In review].
Quantifying “apparent” impact and distinguishing impact
from invasiveness in multispecies plant invasions. Ecological
Applications.

Pellant, M. 1990. The cheatgrass-wildfire cycle—Are there any
solutions? In: McArthur, E.D.; Romney, E.M.; Smith, S.D.; [et
al.], eds. Proceedings symposium on cheatgrass invasion, shrub
die-off, and other aspects of shrub biology and management;
1989 April 5-7; Las Vegas, NV. Gen. Tech. Rep. INT-GTR-276.
Ogden, UT: U.S. Department of Agriculture, Forest Service,
Intermountain Research Station: 11-18.

Pielke, R.A.; Marland, G.; Betts, R.A; [et al.]. 2002. The
influence of land-use change and landscape dynamics on the
climate system: Relevance to climate-change policy beyond
the radiative effect of greenhouse gases. Philosophical
Transactions: Mathematical, Physical and Engineering
Sciences. 360: 1705-1719.

Polley, H.W.; Briske, D.D.; Morgan, J.A.; [et al.]. 2013. Climate
change and North American rangelands: Trends, projections,
and implications. Rangeland Ecology and Management. 66:
493-511.

Polley, H.W.; Johnson, H.B.; Derner, J.D. 2003. Increasing CO,
from subambient to superambient concentrations alters species
composition and increases above-ground biomass in C3/C4
grasslands. New Phytologist. 160: 319-327.

Poore, R.E., Lamanna, C.A.; Ebersole, J.J.; [et al.]. 2009. Controls
on radial growth of mountain big sagebrush and implications
for climate change. Western North American Naturalist. 69:
556-562.

USDA Forest Service RMRS-GTR-374. 2018



CHAPTER 7:

Potts, S.G.; Biesmeijer, J.C.; Kremen, C.; [et al.]. 2010. Global
pollinator declines: Trends, impacts and drivers. Trends in
Ecology & Evolution. 25: 345-353.

Ramakrishnan, A.P.; Meyer, S.E.; Fairbanks, D.J.; [et al.]. 2006.
Ecological significance of microsatellite variation in western
North American populations of Bromus tectorum. Plant Species
Biology. 21: 61-73.

Reeves, M.; Moreno, A.; Bagne, K.; [et al.]. 2014. Estimating the
effects of climate change on net primary production of US
rangelands. Climatic Change. 126: 429-442.

Reeves, M. C.; Mitchell, J. E. 2011. Extent of coterminous U.S.
rangelands: Quantifying implications of differing agency
perspectives. Rangeland Ecology and Management. 64: 1-12.

Riegel, G.M.; Miller, R.F.; Smith, S.E.; [et al.]. 2006. Northeastern
Plateaus bioregion. In: Sugihara, N.G; van Wagtendonk, J.W.;
Shaffer, K.E.; [et al.], eds. Fire in California’s ecosystems.
Berkeley, CA: University of California Press: 225-263.

Rowland, M.M.; Wisdom, M.J.; Spring, L.H.; Meinke, C.W. 2006.
Greater sage-grouse as an umbrella species for sagebrush-
associated vertebrates. Biological Conservation. 129: 323-335.

Rupp, L.; Roger, K.; Jerrian, E.; William, V. 1997. Shearing and
growth of five Intermountain native shrub species. Journal of
Environmental Horticulture. 15: 123-125.

Schlaepfer, D.R.; Lauenroth, W.K.; Bradford, J.B. 2012. Effects
of ecohydrological variables on current and future ranges,
local suitability patterns, and model accuracy in big sagebrush.
Ecography. 35: 374-384.

Schlaepfer, D.R.; Lauenroth, W.K.; Bradford, J.B. 2014a.
Modeling regeneration responses of big sagebrush (Artemisia
tridentata) to abiotic conditions. Ecological Modeling. 286:
66-717.

Schlaepfer, D.R., Lauenroth, W.K.; Bradford, J.B. 2014b. Natural
regeneration processes in big sagebrush (Artemisia tridentata).
Rangeland Ecology and Management. 67: 344-357.

Schlaepfer, D.R.; Taylor, K.A.; Pennington, V.E.; [et al.]. 2015.
Future regeneration of big sagebrush support predicted
changes in habitat suitability at the trailing and leading edges.
Ecosphere. 6: 3.

Schrag, A.; Konrad, S.; Miller, B.; [et al.]. 2011. Climate-change
impacts on sagebrush habitat and West Nile virus transmission
risk and conservation implications for greater sage-grouse.
GeoJournal. 76: 561-575.

Seefeldt, S.; Germino, M.J.; DiChristina, K.M. 2007. Prescribed
fires have minor and transient effects on herbaceous vegetation
cover and composition. Applied Vegetation Science. 10:
249-256.

Shafer, M.; Ojima, D.; Antle, J.M.; [et al.]. 2014. Chapter 19: Great
Plains. In: Melillo, J.M.; Richmond, T.C.; Yohe, G.W., eds.
Climate change impacts in the United States: The third National
Climate Assessment. Washington, DC: U.S. Global Change
Research Program: 441-461.

Shafer, S.L.; Bartlein, P.J.; Thompson, R.S. 2001. Potential
changes in the distributions of western North America tree
and shrub taxa under future climate scenarios. Ecosystems. 4:
200-215.

Shane, R.L.; Garrett, J.R.; Lucier, G.S. 1983. Relationship between
selected factors and internal rate of return from sagebrush
removal and seeding crested wheatgrass. Journal of Range
Management. 36: 782—786.

USDA Forest Service RMRS-GTR-374. 2018

EFFECTS OF CLIMATE CHANGE ON RANGELAND VEGETATION IN THE NORTHERN ROCKIES REGION

Shaw, N.L.; Monsen, S.B. 1990. Use of sagebrush for
improvement of wildlife habitat. In: Fisser, H.G., ed. Wyoming
shrublands: Aspen, sagebrush and wildlife management.
Proceedings, 17th Wyoming shrub ecology workshop; 1988
June 21-22; Jackson, WY. Laramie, WY: University of
Wyoming, Department of Range Management: 19-35.

Sheatch, G.W.; Carlson, W.T. 1998. Impact of cattle treading
on hill land. 1. Soil damage patterns and pasture status. New
Zealand Journal of Agricultural Research. 41: 271-278.

Sheley, R.L.; Mangold, J.M.; Anderson, J.L. 2006. Potential for
successional theory to guide restoration of invasive-plant-
dominated rangeland. Ecological Monographs. 76: 365-379.

Sherry, R.A.; Zhou, Z.; Gu, S.; [et al.]. 2007. Divergence of
reproductive phenology under climate warming. Proceedings of
the National Academy of Sciences, USA. 104: 198-202.

Shultz, L.M. 2006. The genus Artemisia (Asteraceae:
Anthemideae). In: Editorial Committee, eds. Flora of North
America: Flora of North America North of Mexico. New York,
NY: Oxford University Press. 503—534.

Smith, J.K.; Fischer, W.C. 1997. Fire ecology of the forest habitat
types of northern Idaho. Gen. Tech. Rep. INT-GTR-363.
Ogden, UT: U.S. Department of Agriculture, Forest Service,
Intermountain Research Station. 142 p.

Society for Range Management. 1998. Glossary of terms used in
range management. 4th ed. Denver, CO: Society for Range
Management, Glossary Update Task Group. 32 p.

Suttle, K.B.; Thomsen, M.A.; Power, M.E. 2007. Species
interactions reverse grassland responses to changing climate.
Science. 315: 640-642.

U.S. Department of Agriculture [USDA]. 2009. Summary report:
2007 national resources inventory. Washington, DC: Natural
Resources Conservation Service and Center for Survey
Statistics and Methodology; Ames, IA: Towa State University.
123 p.

USDA Forest Service [USDA FS]. 2010. Interior West Forest
Inventory & Analysis P2 field procedures. Washington, DC:
U.S. Department of Agriculture, Forest Service. 370 p.

Walston, L.J.; Cantwell, B.L.; Krummel, J.R. 2009. Quantifying
spatiotemporal changes in a sagebrush ecosystem in relation to
energy development. Ecography. 32: 943-952.

Walther, G.R. 2010. Community and ecosystem responses to
recent climate change. Philosophical Transactions of the Royal
Society B: Biological Sciences. 365: 2019-2024.

Washington-Allen, R.A.; Briske, D.D.; Shugart, H.H.; [et al.].
2010. Introduction to special feature on catastrophic thresholds,
perspectives, definitions, and applications. Ecology and Society.
15: 38.

Weaver, J.E. 1968. Prairie plants and their environment: A fifty-
year study in the Midwest. Lincoln, NE: University of Nebraska
Press. 276 p.

Wellner, C.A. 1970. Fire history in the Northern Rocky Mountains.
In: The role of fire in the Intermountain West: Intermountain
Fire Research Council combined business meeting and
symposium; 1970 October 27-29; Missoula, MT. University of
Montana, School of Forestry: 42—64.

West, M.; Mooney, H.A., 1972. Photosynthetic characteristics
of three species of sagebrush as related to their distribution
patterns in the White Mountains of California. American
Midland Naturalist. 88: 479-484.

297



CHAPTER 7: EFFECTS OF CLIMATE CHANGE ON RANGELAND VEGETATION IN THE NORTHERN ROCKIES REGION

Westerling, A.L.; Hidalgo, H.G.; Cayan, D.R.; [et al.]. 2006.
Warming and earlier spring increase western U.S. forest
wildfire activity. Science. 318: 940-943.

Whisenant, S.G. 1990. Changing fire frequencies on Idaho’s
Snake River Plain: Ecological and management implications.
In: McArthur, E.D.; Romney, E.M.; Smith, S.D.; [et al.], eds.
Proceedings symposium on cheatgrass invasion, shrub die-off,
and other aspects of shrub biology and management; 1989
April 5-7; Las Vegas, NV. Gen. Tech. Rep. INT-276. Ogden,
UT: Department of Agriculture, Forest Service, Intermountain
Research Station: 5-7.

Wijayratne, U.C.; Pyke, D.A. 2009. Investigating seed longevity
of big sagebrush (Artemisia tridentata). Open-File Rep. 2009-
1146. Reston, VA: U.S. Geological Survey.

Wijayratne, U.C.; Pyke, D.A. 2012. Burial increases seed longevity
of two Artemisia tridentata (Asteraceae) subspecies. American
Journal of Botany. 99: 438-447.

Woodward, F.I.; Kelly, C.K. 2008. Responses of global plant
diversity capacity to changes in carbon dioxide concentration
and climate. Ecological Letters. 11: 1229-1237.

Wright, H.A.; Neuenschwander, L.F.; Britton, C.M. 1979. The
role and use of fire in sagebrush-grass and pinyon-juniper plant
communities: A state-of-the-art review. Gen. Tech. Rep. INT-
58. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Intermountain Forest and Range Experiment Station. 48 p.

Young, J.A.; Evans, R.A. 1989. Dispersal and germination of big
sagebrush (Artemisia tridentata) seeds. Weed Science. 37:
201-206.

Young, J.A.; Evans, R.A.; Palmquist, D.E. 1989. Big sagebrush
(Artemisia tridentata) seed production. Weed Science. 37:
47-53.

Ziska, L.H.; Reeves, J.B.; Blank, B. 2005. The impact of recent
increases in atmospheric CO, on biomass production and
vegetative retention of cheatgrass (Bromus tectorum):
Implications for fire disturbance. Global Change Biology. 11:
1325-1332.

298 USDA Forest Service RMRS-GTR-374. 2018



CHAPTER 7: EFFECTS OF CLIMATE CHANGE ON RANGELAND VEGETATION IN THE NORTHERN ROCKIES REGION

Appendix 7A—Adaptation Options for Nonforest
Vegetation in the Northern Rockies.

The following tables describe climate change sensitivities and adaptation strategies and tactics for nonforest vegetation,
developed in a series of workshops as a part of the Northern Rockies Adaptation Partnership. Tables are organized by sub-

region within the Northern Rockies. See Chapter 7 for summary tables and discussion of adaptation options for nonforest
vegetation.
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Chapter 8: Effects of Climate Change on
Ecological Disturbance in the Northern

Rockies Region

Rachel A. Loehman, Barbara J. Bentz, Gregg A. DeNitto, Robert E. Keane,
Mary E. Manning, Jacob P. Duncan, Joel M. Egan, Marcus B. Jackson, Sandra
Kegley, 1. Blakey Lockman, Dean E. Pearson, James A. Powell, Steve Shelly,

Brytten E. Steed, and Paul J. Zambino

Introduction

This chapter describes the ecology of important dis-
turbance regimes in the Forest Service, U.S. Department
of Agriculture (USFS) Northern Region and the Greater
Yellowstone Area, hereafter called the Northern Rockies re-
gion, and potential shifts in these regimes as a consequence
of observed and projected climate change. The term dis-
turbance regime describes the general temporal and spatial
characteristics of a disturbance agent—insect, disease, fire,
weather, even human activity—and the effects of that agent
on the landscape (table 8.1). More specifically, a disturbance
regime is the cumulative effect of multiple disturbance
events over space and time (Keane 2013). Disturbances dis-
rupt an ecosystem, community, or population structure and
change elements of the biological environment, physical en-
vironment, or both (White and Pickett 1985). The resulting
shifting mosaic of diverse ecological patterns and structures
in turn affects future patterns of disturbance, in a reciprocal,
linked relationship that shapes the fundamental character
of landscapes and ecosystems. Disturbance creates and
maintains biological diversity in the form of shifting, hetero-
geneous mosaics of diverse communities and habitats across
a landscape (McKinney and Drake 1998), and biodiversity
is generally highest when disturbance is neither too rare nor
too frequent on the landscape (Grime 1973).

A changing climate may already be altering charac-
teristics of disturbance agents, events, and regimes, with
additional effects expected in the future (Dale et al. 2001).
Climate changes can alter the timing, magnitude, frequency,
and duration of disturbance events, as well as the interac-
tions of disturbances on a landscape. Interactions among
disturbance regimes, such as the co-occurrence in space
and time of bark beetle (Dendroctonus spp.) outbreaks
and wildfires, can result in highly visible, rapidly occur-
ring, and persistent changes in landscape composition and
structure. Understanding how altered disturbance patterns
and multiple disturbance interactions might result in novel
and emergent landscape behaviors is critical for addressing
climate change impacts and for designing land management

USDA Forest Service RMRS-GTR-374. 2018

strategies that are appropriate for future climates (Keane et
al. 2015).

We summarize five disturbance types present in the
Northern Rockies region that are sensitive to a changing
climate. Wildfires, bark beetles, white pine blister rust
(Cronartium ribicola), other forest diseases, and nonnative
plant invasions acting individually or synergistically can
transform landscape patterns and ecological functions.
This chapter provides background that can help managers
understand the important role of disturbances on Northern
Rockies landscapes, and anticipate how, when, where, and
why climate changes may alter the characteristics of distur-
bance regimes.

Wildfire

Overview

Wildland fire is ubiquitous throughout forest ecosystems
of the Northern Rockies and was historically the most
important and extensive landscape disturbance in the region
(Hejl et al. 1995). Wildfire emerged as a dominant process
in North America after the end of the last glacial period,
about 16,500 to 13,000 years B.P., commensurate with
rapid climate changes and increased tree cover (Marlon
et al. 2009). In the Northern Rockies region, many forest
types are fire-prone and fire adapted, meaning that fire is an
integral and predictable part of their maintenance and eco-
logical functioning. Wildfire, as well as other disturbances
such as insect outbreaks, disease, drought, invasive species,
and storms, is part of the ecological history of most forest
ecosystems, influencing vegetation age and structure, plant
species composition, productivity, carbon (C) storage, water
yield, nutrient retention, and wildlife habitat (Agee 1993).

Climate and fuels are the two most important factors
controlling patterns of fire in forest ecosystems. Climate
controls the frequency of weather conditions that promote
fire, whereas the amount and arrangement of fuels influ-
ence fire intensity and spread. Climate influences fuels on
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Table 8.1—Characteristics used to describe disturbance regimes.?
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Disturbance

characteristic Description

Example

Agent Factor causing the disturbance

Source, cause  Origin of the agent

Frequency How often the disturbance occurs or its
return time

Intensity A description of the magnitude of the
disturbance agent

Severity The level of impact of the disturbance on the
environment

Size Spatial extent of the disturbance

Pattern Patch size distribution of disturbance effects;
spatial heterogeneity of disturbance effects

Seasonality Time of year at which a disturbance occurs

Duration Length of time that disturbances occur

Disturbances interact with each other,
climate, vegetation, and other landscape
characteristics

Interactions

Variability Spatial and temporal variability of the above

factors

Mountain pine beetle is the agent that kills trees
Lightning is a source for wildland fire

Years since last fire or beetle outbreak (scale dependent)

Mountain pine beetle population levels; wildland fire heat
output

Percent mountain pine beetle tree mortality; fuel consumption
in wildland fires

Mountain pine beetles can kill trees in small patches or across
entire landscapes

Fire can burn large regions but weather and fuels can
influence fire intensity and therefore the patchwork of tree
mortality

Species phenology can influence wildland fire effects; spring
burns can be more damaging to growing plants than fall burns
on dormant plants

Mountain pine beetle outbreaks usually last for 3-8 years;
fires can burn for a day or for an entire summer

Mountain pine beetles can create fuel complexes that
facilitate or exclude wildland fire

Highly variable weather and mountain pine beetle mortality
can cause highly variable burn conditions resulting in patchy
burns of small to large sizes

a4 From Keane (2013).

longer time scales by shaping species composition and
productivity (Dale et al. 2001; Marlon et al. 2008; Power

et al. 2008), and large-scale climatic patterns such as the

El Nifio Southern Oscillation (ENSO) and Pacific Decadal
Oscillation (PDO) are important drivers of forest productiv-
ity and susceptibility to disturbance (Collins et al. 2006;
Kitzberger et al. 2007). Current and past land use, including
timber harvest, forest clearing, fire suppression, and fire
exclusion through grazing have affected the amount and
structure of fuels in the United States (Allen et al. 2002;
Falk et al. 2011; Pausas and Keeley 2014).

Disturbance effects can overwhelm the direct effects of
climate changes on ecosystems. As described in other chap-
ters in this publication, climate changes influence forests
directly; for example, it has been suggested that drought
and heat stress are linked to increased tree mortality, shifts
in species distributions, and decreased productivity (Allen
et al. 2010; Van Mantgem et al. 2009; Williams et al. 2013).
However, the most visible and significant short-term effects
of climate changes on forest ecosystems will be caused by
altered disturbances, often occurring with increased fre-
quency and severity. The warmer, drier conditions expected
with climate change are likely to increase fire frequency, fire
season length, and cumulative area burned in the coming
decades in the western United States (Flannigan et al. 2006;
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McKenzie et al. 2004). Climate changes may also increase
the frequency or magnitude of extreme weather events that
affect fire behavior (Kurz et al. 2008b; Lubchenco and Karl
2012). Although shifts in vegetation composition and dis-
tribution caused by climate alone may occur over decades

or centuries, wildfires can temporarily or persistently reorga-
nize landscapes over a period of days (Overpeck et al. 1990;
Seidl et al. 2011).

The role of fire in ecosystems and its interactions with
dominant vegetation is termed a “fire regime” (Agee 1993).
Fire regimes are defined by fire frequency (mean number
of fires per time period), extent, intensity (measure of the
heat energy released), severity (net ecological effect), and
seasonal timing (table 8.2). These characteristics vary across
vegetation types and depend on the amount and configura-
tion of live and dead fuel present at a site, environmental
conditions that favor combustion, and ignition sources
(Agee 1993; Krawchuk et al. 2009). Ecosystems in the
Northern Rockies have been subject to a range of historical
fire regimes, including (1) frequent (1-35 years), low- or
mixed-severity fires that replaced less than 25 percent of
the dominant overstory vegetation; (2) moderate-frequency
(35200 years), mixed-severity fires that replaced up to 75
percent of the overstory; and (3) infrequent (200+ years),
high-severity fires that replaced greater than 75 percent of

USDA Forest Service RMRS-GTR-374. 2018
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Table 8.2— Risk assessment for fire regime changes.?

EFFECTS OF CLIMATE CHANGE ON ECOLOGICAL DISTURBANCE IN THE NORTHERN ROCKIES REGION

Predicted
Fire regime direction of Likelihood of
component change Main driver(s) of change Projected duration of change change
Ignitions Unknown Changes in lightning frequency and ~ Unknown Unknown
anthropogenic ignitions
Area burned Increase Increased fire season length, Until a sufficient proportion of High
decreased fuel moistures, increased  the landscape has been exposed
extreme fire conditions to fire, thus decreasing fuel
loads and increasing structural
and species heterogeneity
Fire frequency Increase Increased ignitions, increased fuel In forested systems until a Moderate
loads, decreased fuel moistures, sufficient proportion of the
increased fire season length landscape has been exposed
to fire, reducing fuel loads
and continuity; in grass- and
shrubland systems, until global
climate stabilizes
Average fire size Increase Increased fire season length, Until a sufficient proportion of High
decreased fuel moistures, increased  the landscape has been exposed
extreme fire conditions to fire, thus increasing the
likelihood that previous fires
will restrict growth of current
year fires
Fire season Increase Increased temperatures, decreased Until the global climate system High
length precipitation, decreased winter stabilizes; predicted to increase
snowpack, decreased runoff as climate changes become
more severe
Fire severity Increase Decreased fuel moistures, increased  In dry forest types, until fires Moderate

extreme fire conditions

decrease surface fuel loads; in
mesic forests, if increased fire
frequency decreases fuel loads

2 Developed using expert opinion and information from literature as summarized in this chapter.

the dominant overstory vegetation (fig. 8.1). More-detailed
information on fire regimes specific to individual vegetation
species and vegetation types can be found in Chapter 6 of
this volume.

Wildland fire behavior is influenced by variability in
environmental conditions including vegetation type and dis-
tribution, climate, weather, and topography. Despite major
human influences on western U.S. wildfires since Euro-
American settlement, climate is generally considered to be
the primary control on fire regimes in the region, influencing
vegetation production and condition as well as the physical
environment (Marlon et al. 2012). Where rates of vegetation
production outpace decomposition, sufficient biomass is
available to support fires, although higher elevation regions
with abundant fuels do not always have sufficiently dry
conditions to sustain a fire. In these systems, short-duration
drying episodes generally do not create dry enough condi-
tions to sustain a fire, but prolonged dry weather conditions
(about 40 days without precipitation) can sufficiently dry
live fuels and larger dead fuels to carry large, intense fires

USDA Forest Service RMRS-GTR-374. 2018

once they are ignited (Schoennagel et al. 2004). Wildland
fuels lose moisture and become flammable in warm and dry
summers typical in the Northern Rockies region, during
which time there are ample sources of ignition from light-
ning strikes and humans. Therefore, the active fire season
(period conducive to active burning) is in the summer, typi-
cally from late June through October, with shorter seasons at
higher elevation sites, where snowpack can persist into July
(Littell et al. 2009).

At annual time scales, weather is the best predictor of fire
characteristics such as area burned and fire size. Correlations
between weather and annual area burned by fire or the
number of large fires are similar for both pre-20t-century
fires and fires that have occurred during the past few de-
cades. Fire-weather relationships have been constructed for
forested ecosystems of the Pacific Northwest (Hessl et al.
2004; Heyerdahl et al. 2002, 2008a) and Northern Rockies
(Heyerdahl et al. 2008b; Littell et al. 2009; Westerling et al.
2003, 2006), based on tree-ring and fire-scar records and
independently reconstructed climate, or observations of fire
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Figure 8.1—Fire regime groups
for the Northern Rockies,
LANDFIRE mapping program.
The fire regime group layer
characterizes the presumed
historical fire regimes
within landscapes based on
interactions among vegetation
dynamics, fire spread, fire
effects, and spatial context
(see http://www.landfire.gov/

NationalProductDescriptions12.
php).

Fire Regime Group
[ 1 35 - 200 Year Fir Roturm interval, Low and Moosd Seventy
I 25 - 200 Year Fire Rahatn inderval, Replacement Severity
[ <= 35 Yoas Fire Retum irserval, Low and Moosd Saverty
[ <= 25 vear Fire Rotum Interval, Ragiacement Sevonty
I - 204 Year Fire Raham Interval, Any Severity

() horinem Rockies Subreganal Areas

events and weather in the seasons leading up to and during
the fire where records are available. Regionally, widespread
fire years are correlated with drought (Heyerdahl et al.
2008b; Morgan et al. 2008), and these regionally synchro-
nous fires have generally occurred in the Northern Rockies
(Idaho and western Montana) during years with relatively
warm spring-summers and warm-dry summers (Heyerdahl
et al. 2008a; Morgan et al. 2008).

In nonforested systems in the eastern Northern Rockies,
precipitation amount, at both short (weeks to months)
(Littell et al. 2009) and long (decades to centuries) (Brown
et al. 2005) time scales is the dominant control on fire.
During the fire season, the amount and timing of precipita-
tion largely determine availability and combustibility of
fine fuels, and short periods of dry weather are sufficient
to precondition these systems to burn (Gedalof et al. 2005;
Westerling and Swetnam 2003). In contrast to the grasslands
of the southwestern United States, antecedent precipitation
has not been found to be a significant driver of large fires in
the northern grasslands; rather, large fires are most strongly
correlated with low precipitation, high temperatures, and
summer drought (July through September) in the year of the
fire (Littell et al. 2009).

Humans are also important drivers of wildfire, via altered
ignition patterns associated with land clearing and land
cover change, agriculture, introduction of exotic species,
and fire management (fuels treatments and fire suppres-
sion/exclusion). Grazing and the introduction of nonnative
species have altered ecological processes that affect fire,
including fuel loading and continuity, forest composition
and structure, nutrient cycling, soils, and hydrology (Marlon
et al. 2009; Swetnam et al. 1999). For many sagebrush
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ecosystems of low to moderate productivity, fire intervals
are 10 to 20 times shorter today than what is estimated

for pre-20th-century conditions (Peters and Bunting 1994;
Whisenant 1990; see also Chapter 7), because of the spread
and dominance of the nonnative annual cheatgrass (Bromus
tectorum). Dry forests, shrublands, and grasslands in the
region exist in a state of “fire deficit” as the result of fire
exclusion, leading to less frequent wildfire, higher stand
densities, higher fuel quantities, and higher fuel continuity.
This has increased the potential for crown fires in forests
with a history of low-severity fire regimes (Agee 1998;
Peterson et al. 2005) and in some forests with mixed-
severity regimes (Taylor and Skinner 2003).

Wildfire Shapes Landscape Patterns

The composition and structure of forests in the Northern
Rockies is determined by climate, elevation, topographic
position, and history of fire. In general, fire regimes vary
along environmental gradients, with fire frequency decreas-
ing and fire severity increasing with elevation (although
aspect and slope position can influence fire patterns). For ex-
ample, low-severity fires are typical in many ponderosa pine
(Pinus ponderosa) forests at low elevations. Historically,
fires here burned frequently enough to maintain low fuel
loads and an open stand structure, producing a landscape in
which fire-caused mortality of mature trees was rare (Agee
1998; Jenkins et al. 2011; Moritz et al. 2011). Adaptive traits
such as thick bark also allowed mature ponderosa pines to
survive many repeated fires over time. Conversely, high-
severity fires occurring at intervals of more than 300 years
are typical in subalpine forests and tend to result in high
mortality of mature trees (“stand replacement”) because

USDA Forest Service RMRS-GTR-374. 2018
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Figure 8.2—Mean fire return
interval for the Northern
Rockies, LANDFIRE mapping
program. The mean fire return
interval layer quantifies the
average period between
fires under the presumed
historical fire regime (see
http://www.landfire.gov/
NationalProductDescriptions13.

php for more information).

Mean Fire Return Interval

M-z [ nx
B 2= [ 3050
[lsw o
[ Tws N rs00

520 N 10013
() Monteen Rockies Sebwegionsl Arsas

long intervals between fires result in dense, multi-storied were historically infrequent, fire exclusion has not altered
forest structures that are susceptible to crown fires (Agee fire regimes (Romme and Despain 1989; Schoennagel et al.
1998) (fig. 8.2). 2004). For example, large, stand-replacing fires occasionally
Fire exclusion since the 1920s has increased surface occurred in lodgepole pine (Pinus contorta var. latifolia)
fuel loads, tree densities, and ladder fuels, especially in forests in Yellowstone National Park (Romme 1982), and

low-elevation dry conifer forests (Schoennagel et al. 2004) many (but not all) lodgepole pine trees can regenerate prolif-
(fig. 8.3). As a result, fires in these forests may be larger and  ically when heating from fires releases seed from serotinous
more intense, and may cause higher rates of tree mortality cones (Schoennagel et al. 2003).

than historical fires. In higher elevation forests where fires

Figure 8.3—Vegetation condition
class for the Northern Rockies,
LANDFIRE mapping program.
The vegetation condition class
layer quantifies the amount that
current vegetation has departed
from the simulated historical
vegetation reference conditions
(see http://www.landfire.gov/
NationalProductDescriptions10.

php).

USDA Forest Service RMRS-GTR-374. 2018 321
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Wildfires and Forest Carbon Sequestration

Concerns about projected changes in global climate have
raised an expectation that forests can help mitigate climate
changes via management for increased carbon sequestration
and storage (Sommers et al. 2014). Forests contain large
reservoirs of carbon in soils (~45 percent of total storage),
aboveground and belowground live biomass (~42 percent),
dead wood (~8 percent), and litter (~5 percent) (Pan et al.
2011). The carbon sequestration potential of Earth’s forests
is about 33 percent of global emissions from fossil fuels
and land use (Denman 2007), and North American forests
currently offset about 13 percent of annual continental fossil
fuel emissions (Pacala et al. 2007). The potential for forests
to mitigate climate change depends on human activities
such as land use and land management, and environmental
factors such as vegetation composition, structure, and distri-
bution, disturbance processes, and climate (Loechman et al.
2014).

Carbon typically accumulates in woody biomass and
soils for decades to centuries until a disturbance event such
as wildfire releases this stored carbon into the atmosphere
(Goward et al. 2008). Wildfire in forested ecosystems is one
of the primary disturbances that regulate patterns of carbon
storage and release (Kasischke et al. 2000). The amount and
rate of carbon release from a wildfire depend on the extent
and severity of the fire, as well as pre-disturbance site condi-
tions and productivity (Bigler et al. 2005; Dale et al. 2001;
Falk et al. 2007). For example, high-severity fires typical
of mid-to-upper elevation forests in the Northern Rockies
region may consume a large amount of aboveground bio-
mass, resulting in an instantaneous pulse of carbon (i.e., the
area affected becomes a carbon source to the atmosphere);
however, these fires typically occur infrequently, and carbon
is stored in woody biomass as forests regrow. Low-severity
fires such as those that occur in low-elevation dry forest
types typically release less carbon per fire event (although
total emissions are dependent on area burned) at more fre-
quent intervals than with stand-replacing regimes, and favor
long-lived and fire-resistant (or tolerant) forest species that
typically survive multiple fire events (Ritchie et al. 2007).
Carbon losses from wildland fire are balanced by carbon
capture from forest regrowth across unmanaged fire regimes
and over multiple decades, unless a lasting shift in dominant
plant lifeform occurs or fire return intervals change (Kashian
et al. 2006; Wiedinmyer and Neff 2007).

There are several important ideas to consider when man-
aging forests and fires for carbon resources. First, as stated
above, unless structural or functional ecosystem shifts occur,
net carbon balance in disturbance-adapted systems at steady
state is zero when assessed over long time periods and at
large spatial scales. Under these conditions, although a fire
may result in a temporary loss of stored carbon from a forest
to the atmosphere (i.c., the forest temporarily becomes a
carbon source), this effect is transitory and balanced by car-
bon accumulation as the forest regrows. The time required
for the postfire environment to shift from carbon source to
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sink varies among forest types and climates. For example,
in simulations of effects of stand-scale fuels treatments on
carbon-fire relationships in Northern Rockies forests, post-
fire carbon recovery occurred in 10 to 50 years, depending
on vegetation type and whether stands were treated before
fire to reduce woody fuels (Reinhardt and Holsinger 2010).

Second, quantifying or projecting wildland fire emissions
is difficult because their amount and character vary greatly
from fire to fire, depending on biomass carbon densities,
quantity and condition of consumed fuels, combustion
efficiency, and weather (Loehman et al. 2014). Emissions
measured for an individual fire event may not be character-
istic of large-scale emissions potential, because of complex
ecological patterning and spatial heterogeneity of burn
severity within fire perimeters. Although long intervals
between wildfires can allow carbon to accumulate for years
to centuries, disturbance-prone forests will eventually lose
stored carbon to the atmosphere, regardless of management
strategies designed to limit or prevent disturbance events.

Third, wildfire confers many important ecological ben-
efits not measurable in carbon units (e.g., nutrient release
and redistribution, stimulation of plant growth, increased
productivity in soil systems from decomposition of burned
material, initiation of vegetation succession and forest
regeneration, increased availability of resources for surviv-
ing trees). Thus, it will be important to develop accounting
methods that can assess ecological benefits in carbon-
equivalent units so that they can be weighed against carbon
losses from disturbance.

Finally, climate changes in combination with other
ecosystem stressors may be sufficient to cause structural
or functional changes in ecosystems and thus alter carbon
dynamics of landscapes. For example, if climate changes
increase wildfire frequency, extent, or severity in forested
ecosystems, forests will likely lose carbon to the atmosphere
that will not be rapidly replaced by new growth. This will
cause forests to act as carbon sources for a period of time
until disturbance regimes and biomass stabilize. Future
landscapes could have the potential to store less, or more,
carbon than under current climate and disturbance regimes.

Potential Future Wildfire Regimes and
Wildfire Occurrence

Potential climate-driven changes to regional fire regimes
in the mid-to-late 215t century include longer fire seasons
and increases in fire frequency, annual area burned, number
of high fire danger days, and fire severity as compared with
modern fire patterns (Bachelet et al. 2003; Brown et al.
2004; Dillon et al. 2011; Krawchuk et al. 2009; Rocca et
al. 2014; Westerling et al. 2006) (figs. 8.4, 8.5). In particu-
lar, lengthening of the fire season (the period of the year
when fires can burn) will allow for more ignitions, greater
likelihood of fire spread, and a longer burning duration. A
longer burning window combined with regionally dry fuels
will promote larger fires and increased annual area burned
relative to modern recorded fire activity. Earlier onset of
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No Suppression

Figure 8.4—Changes in mean
annual area burned (acres) for
current levels of fire suppression
and no fire suppression, A1B
(moderate) and A2 (high)
emission scenarios, and for the
time periods 2030-2050 and
2080-2100, as projected by the
MC2 dynamic global vegetation
model.
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snowmelt will reduce fuel moisture during fire season, mak-
ing a larger portion of the landscape flammable for longer
periods of time (McKenzie et al. 2004; Miller et al. 2011).
This shift may be especially pronounced in mid- to high-
elevation forested systems where fuels are abundant.

Earlier snowmelt, higher summer temperatures, longer
fire season, and expanded vulnerable area of high elevation
forests have produced observed increased wildfire activ-
ity compared to the mid-20™ century, particularly in the
Northern Rockies region (Westerling et al. 2006). Annual
area burned by Western wildfires in the 20 century was
greater in years with low precipitation, high drought sever-
ity, and high temperatures (Littell et al. 2009). Wildfire
activity in the western United States is expected to increase
if climates become warmer and drier in the future. Among
western U.S. forests, mid-elevation forests of the Northern
Rockies are projected to have a high risk of climate-induced
increase in fire (Westerling et al. 2006), and increases in the

USDA Forest Service RMRS-GTR-374. 2018

area burned by fire are likely in lower and middle elevations
of mountainous areas (Littell et al. 2009). However, in areas
that are fuel limited, fires may become more infrequent
where there is insufficient moisture for fine fuel accumula-
tion (Littell et al. 2009).

The potential effects of climate change on wildfire area
have been assessed by using statistical and ecological pro-
cess models for the western United States (McKenzie et al.
2004; Spracklen et al. 2009), Pacific Northwest (Littell et al.
2010), Northern Rockies (Holsinger et al. 2014; Loehman et
al. 2011a,b; Rocca et al. 2014), and the Greater Yellowstone
Area (Westerling et al. 2011). For a mean temperature
increase of 4 °F, the annual area burned by wildfires is
expected to increase by a factor of 1.4 to 5 for most western
States (McKenzie et al. 2004), ultimately leading to greater
damage, growth reductions, and mortality in forest ecosys-
tems. The effects of future climate on fire severity (i.c., the
proportion of overstory mortality) are less certain because
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Figure 8.5—Severe fire potential
(probability) for 90th percentile
fire weather scenario, with
non-burnable areas added in
from the LANDFIRE 2008 Fire
Behavior Fuel Model layer (data
source: Dillon et al. 2011).
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severity may be more sensitive than area burned to arrange-
ment and availability of fuels. The risk posed by future fire
activity in a changing climate can be assessed by its likely
effects on human and ecological systems. At the wildland-
urban interface, higher population and forest density have
created forest conditions that are likely to experience more
area burned and possibly higher fire severity than in the
historical record (Dillon et al. 2011) (figs. 8.4, 8.5).
Although fire size in historical sagebrush landscapes
is poorly understood, it is generally accepted that recent
large fires have been fueled by woodland encroachment and
higher fine fuel loads from weed invasions (e.g., cheatgrass).
These changes in fire regime and vegetation-fuel structure
affect large areas in the semiarid western United States and
cascade through all trophic levels. Effects are particularly
harmful on landscapes where postfire recovery is slow.
The trend for larger, more damaging fires in sagebrush
ecosystems is expected to continue until aberrations in fuel
conditions that drive fire are corrected (Keane et al. 2008).

Interactions with Other
Disturbance Processes

Wildland fires and insect outbreaks are the two primary
natural disturbance processes in conifer forests of western
North America (Hicke et al. 2012; Jenkins et al. 2012). The
interaction of wildland fire and bark beetles has been studied
since the early 20t century (Evenden and Gibson 1940;
Miller and Patterson 1927; Weaver 1943), with research
primarily focused on the potential for increased fire hazard
following outbreaks. Multiple studies have cited changes
in fire behavior, extent, and severity resulting from bark
beetle-caused mortality in pine forests (see Hicke et al. 2012
for a summary). Drought and increased temperatures are
key drivers of both wildland fires and bark beetle outbreaks.
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Climate change may be a causal factor in recent increases

in annual area burned by wildfires (Littell et al. 2009) and
area affected by bark beetle outbreaks (Bentz et al. 2010).
Projections of warmer temperatures and increased drought
stress suggest that the total area susceptible to or affected by
beetle outbreaks and large or severe fires may increase in the
coming decades (Williams et al. 2013). Acting independently
or synchronously in space and time, wildland fires and bark
beetle outbreaks can substantially influence forest structure,
composition, and function; abruptly reorganize landscapes;
and alter biogeochemical processes such as carbon cycling,
water supply, and nutrient cycles (Edburg et al. 2012; Falk
2013; Fettig et al. 2013; Hansen 2014; Kurz et al. 2008a).

Unknowns and Uncertainties

Projections of future climate are somewhat uncertain
because the ultimate magnitude of climate change and the
severity of its impacts depend strongly on the actions that
human societies take to respond to these risks (National
Research Council 2010). Global climate models and their
downscaled products may not accurately represent climate
and weather at the regional and local scales that influence
fire occurrence and behavior. For example, although as-
sociations between fire and quasi-periodic patterns such as
ENSO and PDO have been identified, there is incomplete
understanding of how these will respond to climate warming
(McKenzie et al. 2004). In addition, precipitation trends are
highly variable, and projections of future precipitation reflect
both uncertainty and high variation (Intergovernmental
Panel on Climate Change [I[PCC] 2007, 2012; Littell et al.
2011). Lightning, an important ignition source for wild-
land fires, may increase in the future, thus increasing the
potential for fire activity. For example, recent projections
suggest that lightning strikes in the continental United States
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may increase by about 50 percent over the 20t century as
the result of global warming-induced increase in updraft
speeds and atmospheric water content (Romps et al. 2014).
However, others have concluded that confidence in projec-
tions of increased thunderstorms and severe local weather
events is low (Seneviratne et al. 2012).

Thus, the influence of climate changes on future fire pat-
terns is not precisely known. Long-term changes in climate
are unlikely to produce simple linear responses in global fire
regimes (e.g., warmer temperatures do not always lead to
increased fire frequency) because fire activity is influenced
by precipitation, which is not projected accurately by climate
models (Grissino-Mayer and Swetnam (2000). Other re-
search suggests that increases in burned area can be expected
in a warming climate, but fire activity will ultimately be lim-
ited by the availability of fuels (Brown et al. 2004; Flannigan
et al. 2006; Loehman et al. 2011a; McKenzie et al. 2004;
Torn and Fried 1992). In addition, climate drivers interact
with legacies of human land use and local vegetation and
fuel conditions at large spatial scales, making linear climate-
fire predictions difficult. Specifically, decades-long fire
exclusion and timber harvesting in some forests of the west-
ern United States have resulted in densely stocked stands and
heavy down woody fuels accumulation that have probably
contributed to the anomalous size and intensity of recent fires
(Grissino-Mayer and Swetnam 2000; Naficy et al. 2010).

Bark Beetles

Overview

Bark beetles (Coleoptera: Curculionidae, Scolytinae) make
up a large subfamily of insects, although less than 1 percent
of the more than 6,000 species found worldwide cause sig-
nificant economic impacts. In the Northern Rockies region,
bark beetles of economic concern feed in the phloem of living
conifers and can have extreme population amplifications over
short time periods, the hallmark of outbreak species. Larval
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feeding, in addition to colonization by beetle-introduced
fungi, typically results in death of the tree, and new host
material is therefore required for each beetle generation.
Historically, pulses of bark beetle-caused tree mortality have
been extensive across the northern portion of the Rocky
Mountain region. Between 1999 and 2013, bark beetle-caused
tree mortality had substantial impacts in the Northern Rockies
across an average of 1.4 million acres each year (fig. 8.6).
Mountain pine beetle (Dendroctonus ponderosae, hereafter
referred to as MPB) caused the majority of tree mortality (82
percent of acres with mortality detected) with a cumulative
impact across 8.7 million acres during this time period (fig.
8.7). Across western North America between 1997 and 2010,
bark beetle-caused tree mortality resulted in a transfer of
carbon that exceeded that of fire-caused tree mortality (Hicke
etal. 2013).

Both bark beetle populations and their host trees are being
influenced by a warmer climate. Many bark beetle life history
traits that affect population success are temperature-depen-
dent (Bentz and Jonsson 2015), and warming temperatures
associated with climate change have directly influenced bark
beetle-caused tree mortality in some areas of western North
America (Safranyik et al. 2010; Weed et al. 2015b). Warming
climate will also influence host tree distribution across the
Northern Rockies region, and tree vigor, which affects sus-
ceptibility to bark beetle attack (Chapman et al. 2012; Hart et
al. 2013).

Bark Beetles in the Northern Rockies

Bark beetles are relative specialists, feeding on a single
tree species or several species within a single genus. In the
Northern Rockies region, multiple tree species are affected by
different bark beetle species (table 8.3). Populations of sev-
eral beetle species, and MPB in particular, began building in
1999, with high populations continuing in some areas through
2013 (USDA FS n.d.) (figs. 8.6, 8.7). Trend analysis indicates
that most subwatersheds have declining populations, although
some specific locations had increases in 2012 and 2013

m Al Diher Bark Beetles
m Moontain Pine Beetle

1900 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 213
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Table 8.3—Bark beetle species that cause economic impacts in the Northern Rockies.

Bark beetle species

Common name Scientific name

Host tree species

Western pine beetle Dendroctonus brevicomis

Mountain pine beetle D. ponderosae

Douglas-fir beetle D. pseudotsugae

Spruce beetle D. rufipennis

Ips spp.

Scolytus ventralis

Pine engraver beetle

Fir engraver

Ponderosa pine

Limber pine, lodgepole pine, ponderosa pine,
western white pine, whitebark pine

Douglas-fir
Engelmann spruce
Lodgepole pine, ponderosa pine, western white pine

Grand fir

(Egan 2014; Egan et al. 2013). Based on 2012 vegetation
characteristics, susceptibility of Northern Rockies watersheds
to future MPB outbreaks is spatially variable with many areas
projected to lose more than 25 percent of total basal area
(Krist et al. 2014).

Drivers of Bark Beetle Outbreaks

Bark beetle population outbreaks require forests with ex-
tensive host trees of suitable size and age (Fettig et al. 2013).
For most irruptive species, preferred hosts are large, mature
trees that provide a large amount of phloem resource for a
developing brood. Large landscapes of these mature stands
provide ideal conditions for years of bark beetle population
growth.

Although suitable host trees are critical to outbreak devel-
opment, beetle populations can exist for years at low levels
until release is triggered by inciting factors. These triggers
allow for rapid population growth that utilizes plentiful host
trees. Triggers have been difficult to quantify but include fac-
tors that make food more readily available and that increase
survival and reproduction of the beetles. Stand conditions
(Fettig et al. 2013), drought (Chapman et al. 2012; Hart et al.
2013), and pathogens (Goheen and Hansen 1993) can make
it easier for low levels of beetles to overwhelm and kill trees.
Similarly, large areas of host trees recently killed by fire,
wind, or avalanche provide pulses of accessible food, and
have resulted in outbreaks of some species such as Douglas-
fir beetle (Dendroctonus pseudotsugae) and spruce beetle
(D. rufipennis) (Hebertson and Jenkins 2007; Shore et al.
1999), as well as secondary beetles including Ips species and
fir engraver (Scolytus ventralis) (Livingston 1979). Weather
favorable to beetle reproduction and survival also influences
population fluctuations, and can both initiate and sustain out-
breaks (Bentz et al. 2011; Powell and Bentz 2009; Régnicre
and Bentz 2007).

Given a susceptible forest, climate and weather directly
drive bark beetle outbreaks by affecting beetle growth and
survival through temperature-dependent life history traits. For
example, the process of mass attack needed to successfully
overcome tree defenses requires synchronous emergence
of adults, a process mediated by temperature (Bentz et al.
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1991). Diapause and development rate thresholds help in

this synchrony (Bentz and Jonsson 2015; Hansen et al. 2001,
2011; Ryan 1959; Safranyik et al. 1990). These strategies also
reduce the likelihood that life stages most sensitive to cold
(eggs and pupae) are not present during winter. Development
rates and thresholds also dictate life cycle timing, an impor-
tant determinant of the number of generations per year.

The western pine beetle (D. brevicomis) and Ips species
can be bivoltine (two generations in one year) in the Northern
Rockies (Kegley et al. 1997; Livingston 1991), although
multivoltine in more southern parts of their range. Other bark
beetle species need at least 1 year to complete a generation
(univoltine), and at higher elevations, where temperatures are
cooler, 2 to 3 years may be required for a complete life cycle.
Warm temperatures in the summer and spring extend the time
that temperatures are above development thresholds, thereby
allowing a reduction in generation time (Bentz et al. 2014;
Hansen et al. 2001). Shorter generation times can lead to
increased population growth, causing increased tree mortality.
Winter temperature also influences bark beetle population
success. Larvae cold-harden to survive subfreezing tempera-
tures (Bentz and Mullins 1999; Miller and Werner 1987),
although extreme fluctuations in temperature in spring and
fall, in addition to long durations of temperatures below —31
°F, can cause extensive larval mortality (Evenden and Gibson
1940; Régniére and Bentz 2007; Safranyik and Linton 1991).

Bark Beetle Outbreaks Shape
Landscape Patterns

Bark beetle disturbances play a significant role in suc-
cessional pathways and biogeochemical cycles in Northern
Rockies forests (DeRose and Long 2007; Edburg et al. 2012;
Hansen 2014). At low population levels, bark beetles act locally
as thinning agents, producing forest gaps that promote regen-
eration and the release and subsequent growth of neighboring
host and nonhost trees, often producing uneven-aged stands
(Mitchell and Preisler 1998). At outbreak population levels,
tree mortality can approach 80 percent across landscapes of
homogeneous host species and age, changing age-class distri-
butions and overstory and understory species compositions.
For example, in seral lodgepole pine forests, removal of the
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largest trees by MPB can hasten succession by climax species
when fire is absent (Hagle et al. 2000; Roe and Amman 1970).
Bark beetle disturbance can have long-term effects on forest
structure and composition (Pelz and Smith 2012), and future
landscape patterns in some forest types will be driven by tree
mortality caused by large outbreaks of beetles.

Potential Future Bark Beetle Regimes
and Occurrence

Climate change will have indirect and direct effects on
bark beetle population outbreaks (table 8.4). Indirectly,
changing temperature and precipitation regimes will influ-
ence the suitability and spatial distribution of host trees.
Community associates important to bark beetle population
success, including fungi, predators, and competitors, will also
be affected by changing climate and thereby indirectly affect
beetle population outbreaks. Direct effects will also occur
as changing temperature regimes either promote or disrupt
bark beetle temperature-dependent life history strategies
that evolved through local adaptation for increased beetle
population fitness and survival. Future bark beetle-caused
tree mortality will therefore depend not only on the spatial
distribution of live host trees and heterogeneity of future
landscapes (see Chapter 6), but also on the ability of beetle
populations and their associates to adapt to changing condi-
tions when existing phenotypic plasticity is surpassed.

Projected changes in temperature and precipitation, in
addition to a potential increase in extreme events such as
windstorms, will significantly influence the spatial and
temporal distribution of suitable host trees across future
landscapes. For example, host tree defenses can be weakened
by reduced water availability (Chapman et al. 2012; Gaylord
et al. 2013; Hart et al. 2013). Increasing temperature is also
associated with changing hydrologic regimes (see Chapter 4),
including altered interseasonal timing of soil water availabil-
ity facilitated by snowpacks that have progressively melted
earlier in recent decades, and changes in the distribution

Table 8.4—Risk assessment for mountain pine beetle outbreaks.?
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of precipitation falling as rain versus snow (Regonda et al.
2005). These factors, along with other potential climate
changes, may exacerbate physiological drought stress in host
trees, which could indirectly benefit bark beetles that colonize
stressed hosts in the late spring or summer (Raffa et al. 2008).
Similarly, increased wind events could provide a reservoir of
stressed trees used by some bark beetle species to surpass the
endemic-epidemic threshold. Species currently considered
secondary (i.e., those that infest stressed trees) could become
primary tree killers as their favored habitat increases.

Warming temperatures will also directly influence bark
beetle population success, although the effects will depend on
the beetle species, as well as the seasonal timing, amount, and
variability of thermal input. For example, across MPB habi-
tats in the western United States from 1960 to 2011, minimum
temperatures increased 6.5 °F. This increase in minimum
temperature resulted in an increase in MPB survival and
subsequent beetle-caused tree mortality in many areas of the
Northern Rockies (Weed et al. 2015a). As climate continues
to change, however, extreme within-year variability in winter
warming could be detrimental to insect survival. Bark beetles
produce supercooling compounds as temperatures decrease
and catabolize compounds as temperatures warm. Large
temperature fluctuations could result in excessive metabolic
investment in maintaining appropriate levels of antifreeze
compounds, leaving individuals with minimal energy stores
at the end of winter. In addition, many species overwinter at
the base of tree boles, gaining protection from predators and
excessive cold temperatures when insulated beneath snow.
Reduced snow levels in a warming climate could therefore
add to increased overwinter mortality.

Warming at other times of the year could similarly have
both positive and negative effects on bark beetle populations.
Phenological flexibility allows some species to shift voltinism
pathways, developing on a semivoltine (one generation
every 2 years) life cycle in cool years, and a univoltine life
cycle in warm years (Bentz et al. 2014; Hansen et al. 2001).
Warming temperatures could also cause species that are

Likelihood of

Elevation Direction of change ~ Main driver(s) of change Projected duration of change change
<3,300 ft Increase if host trees  Temperature—caused shift to Increasing risk through 2100 High
available bivoltinismP
3,300-6600 ft Decrease Temperature-caused disruption of Decreasing risk through 2100 High
seasonality
6,600-10,000 ft Increase initially, then Initially temperature-caused shift ~Decreasing risk through 2100 High
decrease from semivoltine€ to unvioltined,
then disruption of seasonality
>10,000 ft Increase Temperature-caused shift from Increasing risk through 2100 High

semivoltine to univoltine

2 Developed using model simulations and expert opinion and information from literature as summarized in this chapter.

b Two generations in one year.
€ One generation in two years.
d One generation in one year.
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currently bivoltine (e.g., western pine beetle, Ips species) to
become multivoltine. These types of voltinism shifts can lead
to rapid increases in beetle populations and subsequent tree
mortality. Some thermal regimes allow these life cycle shifts
yet maintain seasonal flights. However, other thermal regimes
that result in voltinism shifts could also disrupt seasonality.
For example, warm summers could accelerate develop-
ment, resulting in reduced generation time, but could also
result in cold-sensitive life stages entering winter. Existing
developmental thresholds and diapause strategies that serve
synchrony currently reduce the likelihood of this happening.
As existing phenotypic plasticity is surpassed, rapid warming
without adaptation could lead to lower overall population
fitness in some areas as a result of poor seasonal timing
(Régnicre et al. 2015).

Expected Effects of Climate Change

Although many bark beetle species in the Northern Rockies
region can cause economic impact, the influence of climate
change on population outbreaks has been most studied in MPB.
It is clear that multiple aspects of climate change can positively
influence MPB, including increasing winter temperature
(Régniere and Bentz 2007; Weed et al. 2015b) and reduced pre-
cipitation (Chapman et al. 2012). But changing thermal regimes
can have both positive and negative effects on MPB popula-
tion growth through phenological synchrony and generation

EFFECTS OF CLIMATE CHANGE ON ECOLOGICAL DISTURBANCE IN THE NORTHERN ROCKIES REGION

timing. Acknowledging potential other climate effects, here we
describe expected direct effects of climate change using a tem-
perature-dependent mechanistic demographic model of MPB
population growth that is based on phenological synchrony
(Powell and Bentz 2009). The effect of future temperatures on
univoltine population growth rate relative to historical condi-
tions is projected. Although current climates apparently prevent
MPB from successfully completing two generations in a single
year (Bentz and Powell 2015; Bentz et al. 2014), we also evalu-
ated if future thermal regimes would promote bivoltinism. The
model was driven with downscaled temperatures from two
global climate models (GCMs: CanEMS2, CCSM4) and two
emissions scenarios (Representative Concentration Pathways
RCP 4.5 and RCP 8.5) based on the multivariate adaptive con-
structed analogs approach (University of Idaho n.d.). Although
indirect effects of climate clearly affect host tree vigor, stand
composition, and distribution across a landscape, these effects
are currently not included in our demographic model. We
report our model results, however, in conjunction with hazard
categories developed by Krist et al. (2014) based on stand
conditions conducive to MPB population growth (table 8.5).
Model output was considered only for locations where pines
currently grow. Model projections are presented in figures 8.8
and 8.9, and tables 8.4 and 8.5, and are summarized next.

See Bentz et al. (2016) for spatial displays (for the CanEMS2
GCM).

Table 8.5—Pine and mountain pine beetle (MPB) metrics by elevation category. Pine forests <6,600 ft have relatively low current
hazard for MPB and low univoltine growth potential, although bivoltine potential is moderate. Pine forests >6,600 ft have
relatively high current stand hazard conditions for MPB and relatively high univoltine growth potential, although bivoltine

potential is zero.

<3,300 ft 3,300-6,600 ft  6,600-10,000 ft  >10,000 ft
Curreqt sta;d density pine (trees per acre [standard 46.4 (58.7) 142 (206) 471 (434) 223 (223)
deviation])
Proportion of area (percent) P rated as:
Low hazard 97 69 30 18
Moderate hazard 2 13 14 13
High hazard 1 18 56 68
MPB potential for population success (2015-2025),
based on simulation with CanEMS2 GCM, emission
scenario RCP-45
Univoltine population growth rate (R) 0.00 0.44 1.62 0.65
Bivoltine (percent of points within elevation
category projected to have a thermal regime
! A 24 5 0 0
supporting bivoltinism for >50 percent of years
between 2015 and 2025)
MPB potential for population success (2015-2025),
based on simulation with CanEMS2 GCM, emission
scenario RCP-85
Univoltine population growth rate (R) 0.04 0.86 2.0 1.05
Bivoltine (as above) 35 7 0 0

a From Blackard et al. (2009).

b Current MPB hazard based on host stand conditions (from Krist et al. 2014).
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The proportion of areas with thermal requirements for
MPB bivoltinism has historically been low in the Northern
Rockies region (figs. 8.8, 8.9). Stands at elevations less
than 3,300 feet currently have relatively few pines and low
hazard to MPB, and population growth of univoltine popula-
tions was historically very low. This is most likely because
it was too warm, and adult emergence synchrony was
disrupted. Growth rate is projected to decrease further in
current (2000-2009) and future climates relative to histori-
cal periods (fig. 8.8). However, the proportion of simulation
points at less than 3,300 feet with thermal regimes that
allow for bivoltinism is projected to increase through 2100,
particularly when the RCP 8.5 scenario temperature projec-
tions are used (fig. 8.8). The availability of pines at less than
3,300 feet in future climates may be restricted.

* Pine stands at 3,300 to 6,600 feet were also projected
to have lower univoltine population growth rates
in current and future climates than historically, and
some small proportion of stands will have increasing
probability of bivoltinism (fig. 8.8).

* The highest density of pine currently occurs at 6,600
to 10,000 feet, the elevation range also associated
with most (56 percent) of the high-hazard stands
(table 8.5). These stands are predicted to have higher
univoltine population growth rates than historically,
through 2030-2050. Thermal regimes for bivoltinism
are unlikely at this elevation (fig. 8.8).

* Population growth rates were historically very low in
stands above 10,000 feet until 2000-2009; rates are
projected to increase through 2100 (fig. 8.8). These
stands historically were too cool for bivoltinism and
are projected to remain too cool in future climates.

» Pine forests below 6,600 feet currently have low stand
hazard for MPB and low univoltine growth potential
in the near future (2015-2025), although bivoltine
potential is moderate. Pine forests above 6,600 feet
have high current stand hazard for MPB and high
univoltine growth potential between 2015 and 2025,
although bivoltine potential is zero. Pine stands above
6,600 feet, particularly between 6,600 and 10,000 feet,
have the highest risk of MPB-caused tree mortality in
the near future.

* The Grassland subregion contains a small amount
of “Great Plains ponderosa pine,” and historically
temperatures were too warm for univoltine MPB
population success (fig. 8.9). A high proportion
of locations in these areas is projected to become
thermally suitable for bivoltinism (fig. 8.9), although
pine occurrence in future climates may be limited.

¢ In the Western Rockies, Central Rockies, and Eastern
Rockies subregions, univoltine population growth
is projected to decrease beginning in the 20002009
period, although a small proportion of locations at the
lowest elevations will become thermally suitable for
bivoltinism by 2080-2100.
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* In the Greater Yellowstone Area subregion, univoltine
population growth remains relatively high until
the 20802100 time period (fig. 8.9) with a small
proportion of locations at the lowest elevations with
the potential to become bivoltine at that time (fig. 8.9).

Interactions with Other Disturbance
Processes

Bark beetle-caused tree mortality is influenced by and
can influence fire, although the relationships are complex
and dynamic (Hicke et al. 2012; Jenkins et al. 2014). In fact,
any disturbance that influences the distribution and vigor of
host trees will influence bark beetle outbreaks. Moreover,
the pattern of bark beetle-killed trees across a landscape
will have cascading effects on a myriad of abiotic and
biotic processes such as fire, wildlife habitat, and vegeta-
tion succession and dynamics (Saab et al. 2014). During
non-outbreak years, many bark beetle species survive in
trees infected with root diseases. The amount of root disease
in trees stressed by climate change may increase, which in
turn can result in higher populations of bark beetles causing
increased tree mortality (see Root Disease section).

Unknowns and Uncertainties

It is important to acknowledge sources of uncertainty
in models that describe relationships among climate,
bark beetle populations, and their host trees, in addi-
tion to uncertainties with projections of future climate.
Mechanistic-based phenology models are good tools for
projecting beetle population response in a changing climate
(Bentz and Jonsson 2015). This type of model incorporates
the important role of seasonality and allows for emergent
population processes when driven by climate change
projections. However, data are lacking on temperature-
dependent relationships of most bark beetle species in the
Northern Rockies, hindering development of conceptual
and empirical models. Moreover, one of the greatest sources
of uncertainty is the lack of understanding of potential
adaptations in bark beetle developmental traits to a rapidly
changing climate. With few exceptions (Addison et al. 2013,
2014), little is also known about climatic effects on the wide
array of bark beetle community associates including fungi,
bacteria, parasites, and predators.

Host trees will also respond to climate change, and
responses will have cascading effects on bark beetle popu-
lations. Further investigation, especially in water-limited
systems, is needed to increase quantitative understanding
of how climate-induced changes in trees influence bark
beetle population success at different spatial scales. Due
to this limited understanding, predictive models that in-
corporate the integrated effects of climate and bark beetle
disturbances on vegetation pathways are lacking, con-
straining our ability to make projections for future forests
(Anderegg et al. 2015).
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Figure 8.8—Left panel: projected mountain pine beetle (MPB) population growth rate (mean, standard deviation) of univoltine
populations (one generation per year) over decades (historical) and 20-year periods (projected) from 1950 to 2100. Shown
are the mean and standard deviation among locations of decadal (historic) and 2-decadal (projected) growth rates. Right
panel: proportion of simulation points in which bivoltinism (two generations in one year) is projected for more than 50
percent of years in each time period. Projections are based on a temperature-dependent model of MPB development and
population growth (Powell and Bentz 2009) using temperatures from the CanESM2 and CCSM4 GCMs and two emission
scenarios (Representative Concentration Pathways [RCP] 4.5 and 8.5). Model output is shown by elevation category (in feet).
Simulation points are geographic locations of downscaled temperatures where pines occur (sample size = 17,616).
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Figure 8.9—Left panel: Projected mountain pine beetle (MPB) population growth rate (mean, standard deviation) of univoltine
populations (one generation per year) over decades (historical) and 20 year periods (projected) from 1950 to 2100. Shown are
the mean and standard deviation among locations of decadal (historic) and 2-decadal (projected) growth rates. Right panel:
proportion of simulation points where bivoltinism (i.e., two generations in one year) is projected for more than 50 percent of
years in each time period. Predictions are based on a temperature-dependent model of MPB development and population
growth (Powell and Bentz 2009) using temperatures from the CanESM2 and CCSM4 GCMs and two emission scenarios (RCP
4.5, RCP 8.5). Model output is shown by Northern Rockies Adaptation Partners (NRAP) subregion. Simulation points are
geographic locations of downscaled temperatures where pines occur (sample size = 17,616).
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White Pine Blister Rust

Overview

White pine blister rust (Cronartium ribicola, hereafter
referred to as WPBR) is a nonnative fungus that was inad-
vertently introduced to western North America from Europe
around 1910 (Bingham 1983; Tomback and Achuff 2011).
The WPBR fungus infects only five-needle pine species, and
all nine North American white pine species are susceptible.
Three white pines occur in the Northern Region: western
white pine (Pinus monticola), whitebark pine (Pinus albicau-
lis), and limber pine (Pinus flexilis). WPBR has been found
across most of the ranges of these three pines in the Northern
Region, and it has caused greater than 90-percent mortality
in western white pine. WPBR presence in whitebark and lim-
ber pine is variable, but highest in the warmer, moister parts
of their ranges (Tomback and Achuff 2010).

The life cycle of WPBR requires two hosts, with two
spore-producing stages on white pine and three separate
spore-producing stages on three potential alternate hosts:
Ribes, Pedicularis, and Castilleja species. Pine infection
begins when basidiospores produced on Ribes leaves in late
summer are wind dispersed to nearby pines. The basidio-
spores germinate on pine needles and fungal hyphae grow
through the stomata into the cell tissues, needles, and stem
(Patton and Johnson 1970).

Cankers form on white pine branches and main stems
as the phloem is first invaded by hyphae and then becomes
disrupted by blister-like structures that are filled with
powdery yellow aeciospores (Hudgins et al. 2005). As tree
branches and stems are girdled, branches and tops die back
to the canker. Continued downward growth of the persistent
cankers and poor competitive ability then kill infected trees.
Depending on where the canker occurs, cone production
often decreases or is prevented well before tree death.

The released aeciospores infect Ribes and the other alter-
nate host species (Schwandt et al. 2013). This can occur at
long distances from infected pines, as aeciospores are hardy
and can disperse as much as 60 miles (Frank et al. 2008). At
most locations and for most alternate hosts, infected leaves
produce urediniospores that spread only short distances

Table 8.6—Risk assessment for white pine blister rust.2
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from leaf to leaf or plant to plant (Newcomb 2003). These
recurrent infections keep rust alive through the growing
season until conditions are suitable for pine infection. For
most alternate hosts, leaf infections produce hair-like struc-
tures (teliospores) that produce basidiospores in fall or when
night temperatures are cool; other hosts with less vigorous
leaf infections may produce teliospores directly. Locations
where synergistic pairs of alternate hosts occur—one that
readily spreads urediniospores, and one that produces pine-
infecting basidiospores—are especially favorable for pine
infection (Zambino 2010).

Basidiospores have a narrow weather window for
production, dispersal, and successful infection of pine
needles: they infect best in periods of high humidity (>98
percent) with moderate temperatures (between 60 and 68
°F) (Bega 1960). Conditions for infection are determined by
temperature, with a 48-hour optimum for infection at 64 °F,
though up to 5 days may be required at 39 °F (McDonald et
al. 1981). Temperatures exceeding 77 °F are lethal for telio-
spores. Basidiospores are short-lived and most often cause
infections within a few feet of Ribes plants, but they can be
carried long distances or upslope on moist air masses, lofted
in thermals over bodies of water, or carried downslope on
cold air currents to infect trees at the interfaces with tem-
perature inversions (Van Arsdel et al. 2005; Zambino 2010).

The time required for WPBR to kill its host varies by
species, distance of infection from bole (Schwandt et al.
2013), and bole circumference. Typically WPBR Kkills
western white pine in 5 to 10 years, and whitebark pines
(P, albicaulis) after 20 years (Hoff and Hagle 1990). WPBR-
caused tree mortality greatly affects stand structure and
species composition, but the most serious impact of WPBR
is the long-term impact on white pine regeneration capac-
ity, with direct mortality of rust-susceptible seedlings and
saplings and the loss of cone and seed production following
branch dieback and top kill. Native pine populations show
some heritable resistance to WPBR, but the frequency of
resistance is low and variable (Zambino and McDonald
2004). Studies in the 1970s of natural stands that originated
in the late 1920s estimated that fewer than 1 in 10,000 trees
lacked cankers (were rust-resistant) (Hoff et al. 1980). But
resistance may have increased in the 35 years since this

Direction of Predicted duration Likelihood of
change Main driver(s) of change of change change
Infection frequency Little to moderate  Possibility of increased Until a sufficient Low
and severity Increase wave years in high elevation proportion of the
ecosystems landscape has
populations of rust-
resistant pine trees,
there will always
be high infections
regardless of climate
@ Developed using expert opinion and information from literature as summarized in this chapter.
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report, as a result of additional rounds of regeneration under
natural selection (Klopfenstein et al. 2009; McDonald et al.
2004, 2005; Zambino and McDonald 2005).

Effects of Climate Change on White
Pine Blister Rust

Climate changes may cause WPBR infections to
occur earlier and with greater incidence in pine stands
(table 8.6). Specific weather conditions required for ba-
sidiospore germination and infection of pine needles may
occur more frequently and for longer periods in the future
(Koteen 1999). “Wave” years are projected to increase in
the future for whitebark pine (Keane et al. in press); these
years have hot and humid weather conditions throughout
most of the growing season that facilitate infections on
pine and alternate hosts, followed by moist but cooler
weather events for teliospore and basidiospore production
and pine infection. For most temperate pine forests (west-
ern white and limber pine), however, Sturrock et al. (2011)
speculate that wave years will actually decrease because
of hotter, drier projected climates. Further, Helfer (2014)
suggests that warmer temperatures could negatively affect
rusts and that higher concentrations of atmospheric carbon
dioxide (CO,) could cause declines in rust populations. He
also states that the highly variable and extreme weather
projected in the future will aid in WPBR spore dispersal,
resulting in expansion of its range and higher spore loads
on existing pines.

The highly variable and novel climatic conditions
projected in the future may serve to accelerate mutations
of WPBR to create populations that may overcome the na-
tive rust resistance in five-needle pines (Simberloff 2000).
Alternatively, changing climates may lead to suitable
climates for WPBR variants that are in locations other than
North America. Most rust infection and mortality occur
regardless of tree condition and vigor, so it is doubtful
that any direct responses of the tree or the Ribes hosts to
future climates, such as increased growth, will enhance
or degrade the ability of the host to ward off infections.
However, climate-mediated changes in host regeneration
dynamics could restrict or expand host ranges (Helfer
2014). As a result, this could alter WPBR range. Some
predict higher leaf biomass for the two host species with
warmer, enriched CO, environments, and more leaves
could provide additional germination surfaces and a higher
chance for rust infection on both hosts.

Distribution and frequency of synergistic alternate host
species combinations (Zambino 2010) could also change.
In higher elevation areas, new climates (i.e., warming
temperatures along with high precipitation) may facilitate
the expansion of Ribes into areas that were historically
too cold and snowy to support certain hosts. On the other
hand, in low-elevation upland areas where Ribes is cur-
rently abundant, drought may cause decline of the host.
Moreover, drought may cause extended and extensive

stomatal closure in the pines, thus preventing hyphae entry.
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The shifting of mosaics of the Ribes host populations into
new higher elevation areas, driven by drought in lower
elevations, may spread WPBR into areas where it has not
yet occurred.

Interactions with Other Disturbance
Processes

The interaction of fungal pathogens and their hosts with
other disturbances may be a key factor in future WPBR
infections (Ayres and Lombardero 2000). The interac-
tive effects of wildland fire on WPBR are probably most
important, but they are mostly minor and primarily indirect
under future climates. The exception is the possibility that
smoke may kill rust spores produced at the time of the fire
(Hoffman et al. 2013).

White Pine Blister Rust and Wildland Fire

Fire indirectly affects WPBR by changing the size,
distribution, and abundance of its hosts. Most five-needle
pines of the western United States are somewhat fire-
adapted with thick bark, high canopies, and deep roots
(Ryan and Reinhardt 1988). Mixed- and high-severity fires
are currently common in most forests where WPBR is
present (Arno et al. 2000; Murray 2007) and are projected
to increase in size, frequency, and intensity (Westerling
et al. 2011). Increases in fires and burned areas can create
favorable conditions for pine regeneration because most
five-needle pine seeds are dispersed by rodents and birds
and are thus better adapted to spread into postfire land-
scapes than seeds of their tree competitors (Lanner 1989;
Morgan et al. 1994). Ribes populations may increase after
fire through regeneration by seed and sprouting from roots
and rhizomes. Therefore, fire will often favor Ribes regen-
eration over other species not adapted to fire. However,
re-burns soon after an initial fire can eliminate regenerat-
ing Ribes individuals before they can develop a seedbank
for the next forest regeneration cycle (Zambino 2010).

Severe fires that kill rust-resistant pine trees may ensure
continued high rust mortality in the future because it
dampens the rate of rust-resistant adaptations (Keane et al.
2012). However, where rust-resistant five-needle pines sur-
vive fire they can provide the seeds for populating future
landscapes that are resilient to both rust infection and fire
mortality. Fire exclusion generally increases competition
stress (Heward et al. 2013), weakening pine trees. Stress
from competition does not increase rust infection (Parker
et al. 2006), but may facilitate mortality in pines trees
under stress after being girdled by blister rust.

Trees infected with WPBR are weakened, and may
be more susceptible to fire-caused damage and mortality
(Stephens and Finney 2002). Ladder fuels of trees at-
tacked or killed by WPBR may increase crowning owing
to abundant pitch, which can extend from base to rust
bole cankers, and from dead red crowns of girdled trees.
As branches and tops of white pines die back, they add
dead foliage and wood to the fuelbed, which may increase
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fire intensity and fire-caused tree mortality. In contrast,
western white pine needles gradually added to the fuel bed
are more similar to normal needle shed, and are quickly
degraded in moist, productive environments. Mortality
from WPBR often results in the elimination or thinning
of the shade-intolerant pine overstory, allowing shade-
tolerant competitors to occupy the openings. This creates
substantially different canopy fuel conditions, such as
lower canopy base heights, higher canopy bulk densities,
and greater canopy cover, which facilitate more frequent
and intense crown fires (Keane et al. 2002; Reinhardt et
al. 2010). Many shade-tolerant competitors are also more
susceptible to fire damage, resulting in higher postfire tree
mortality in rust-infected landscapes.

White Pine Blister Rust and
Mountain Pine Beetle

Interactions between native MPB populations and
WPBR are rarely studied because they are difficult to
quantify over time. In their endemic phase, MPB popula-
tions may weaken pines and facilitate infection by WPBR,
but these interactions are strongly governed by climate
and biophysical environment (Tomback and Achuff 2011).
However, the ubiquitous presence of WPBR spores and the
resistance to the disease in pine species ensure that most
five-needle pines at many sites will eventually become
infected and die from WPBR, regardless of MPB endemic
levels (Hoff et al. 2001). More importantly, MPB influ-
ences WPBR through regulation of the tree species that
are host to both disturbance agents and killing of host trees
that are resistant to the rust (Campbell and Antos 2000).
For example, although whitebark pine stands in the Greater
Yellowstone Area show little WPBR-related mortality, lev-
els of MPB-related mortality are high (Kendall and Keane
2001; Macfarlane et al. 2013). Many stands of healthy
five-needle pines in Yellowstone have been subjected to
a major MPB outbreak over the last decade as a result of
high densities of large diameter trees coupled with pro-
longed warm, dry conditions. These outbreaks resulted in
substantial mortality of rust-resistant whitebark pine trees
(Logan et al. 2008).

Effects of WPBR on MPB infestations are also highly
variable and subtle. Archibald et al. (2013) found less MPB
activity in trees that had high WPBR damage, whereas
Bockino and Tinker (2012) found that whitebark pine
selected as hosts for MPB had significantly higher WPBR
infection, but this varied by tree size (diameter), stand type,
and disturbance pattern (Larson 2011). Kulhavy et al. (1984)
found that more than 90 percent of western white pine trees
infected by bark beetles had either WPBR or some type of
root disease, whereas Six and Adams (2007) found little
evidence of interaction effects between MPB and WPBR.
Simulations of MPB disturbance under current climate re-
sult in a decline in both lodgepole pine and whitebark pine,
and a corresponding increase in subalpine fir (4bies lasio-
carpa) and Douglas-fir (Pseudotsuga menziesii), with little
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change from the addition of WPBR (fig. 8.10). These trends
are enhanced under a warmer climate, in which lodgepole
pine declines are greater and stands are replaced primarily
by Douglas-fir, but WPBR interaction has only minor effects
on species composition (Keane et al. 2015).

White Pine Blister Rust, Fire,
and Mountain Pine Beetle

Studies of interactions among fire, beetles, and rust are
rare, but we posit that MPB and WPBR serve to reduce
five-needle pine populations and create fuelbeds that may
support wildfires that are more intense than historical
counterparts, potentially resulting in high mortality of the
dominant vegetation. Although fire reduces pine abundance
in the short term, it apparently ensures the long-term
persistence of pine by eliminating competitors (Keane and
Morgan 1994). Modeling studies have shown that decades
to centuries are required to reestablish populations of rust-
resistant white pines after die-off (such as would occur with
MPB), and increased frequency and extent of wildfire under
climate change favored white pine regeneration and per-
sistence over shade-tolerant species in some regions, even
with WPBR infection and losses of some white pine to fire
(Loehman et al. 2011a,b). The largest decline in whitebark
pine has been found in those areas affected by both WPBR
and MPB, but not fire (Campbell and Antos 2000).

Interactions among fire, MPB, and WPBR can occur
only in areas that have the potential to support five-needle
pines, which are rare in many landscapes. However, recent
simulation efforts have found that fire frequency under cur-
rent climate is 10 percent lower when all three disturbances
are allowed to interact, and average tree mortality is also
lower (fig. 8.10). In a warmer climate, fire frequency de-
creases, high-severity fires increase, and interactions among
disturbances create different landscapes than when each dis-
turbance acts separately (or in the absence of disturbance)
(Keane et al. 2015) (fig. 8.11).

Unknowns and Uncertainties

It is difficult to mechanistically simulate WPBR popula-
tion dynamics because the disease is governed by processes
from fine-scale (e.g., microclimate, spore production and
germination, tree size and health) to coarse-scale (e.g., spore
dispersal, wind, alternate host distributions, topographic
controls) processes. Therefore, the representation of WPBR
in most models will tend to be both stochastic and empirical,
and this will tend to reduce the robustness of model predic-
tions and add to the uncertainty of future WPBR predictions.

White pine trees will also directly respond to climate
change, and responses will have interacting effects on
WPBR infection potential. The key to the future abundance
of white pines on the Northern Rocky Mountain landscapes
will hinge on the ability of the three pine species to develop
rust-resistant populations that are resilient to climate change.
This probably will not happen without human intervention.
The rapid pace of predicted climate change coupled with the
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Figure 8.10—Landscape composition of species cover types using the plurality of basal area for current
climate for the East Fork of the Bitterroot River landscape with all combinations of fire, white pine
blister rust (WPBR), and mountain pine beetle (MPB): (a) fire, WPBR, and MPB; (b) no fire, WPBR,
MPB; (c) fire and MPB; (d) MPB only; (e) fire and WPBR; (f) WPBR only; (g) fire only; and (h) no
disturbances. Species: PIAL-whitebark pine, PIEN-Engelmann spruce, ABLA = subalpine fir, PICO-
lodgepole pine, PSME-Douglas-fir, and PIPO-ponderosa pine. Produced using the FireBGCv2
mechanistic ecosystem-fire process model (Keane et al. 2015).

long maturation times of the three pine species may exacer-  disturbance groups that affect ecosystem development and
bate the species decline. It is essential that natural resistance  change, but the overall impacts of forest diseases on vari-
is fostered by land management agencies to ensure that ous resources are difficult to quantify. This is partly due
these valuable species and the forests that they create are not  to our inability to separate predisposing effects of some of
lost forever. the most important diseases, which act over a long term,

from mortality caused by short-term factors such as insect
outbreaks and drought. Forest diseases tend to be more

Forest Diseases cryptic and chronic in their effects, so estimating their oc-
currence and abundance is difficult. Here we rely mostly on
Overview older studies and observations to quantify disease effects in
what were formerly called commercial timberlands. Spatial
Forest diseases are found in all forest ecosystems of distributions of most forest diseases have not changed much,
the Northern Rockies region. They are one of three major although the effects of individual diseases may change due
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Figure 8.11—Landscape composition of species cover types using the plurality of basal area for a warmer
climate (A2 emission scenario) for the East Fork of the Bitterroot River landscape with all combinations
of fire, white pine blister rust (WPBR), and mountain pine beetle (MPB): (a) fire, WPBR, and MPB; (b)
no fire, WPBR, MPB; (c) fire and MPB; (d) MPB only; (e) fire and WPBR; (f) WPBR only; (g) fire only;
and (h) no disturbances. Species: PIAL = whitebark pine, PIEN = Engelmann spruce, ABLA = subalpine
fir, PICO = lodgepole pine, PSME = Douglas-fir, and PIPO = ponderosa pine. Produced using the
FireBGCv2 mechanistic ecosystem-fire process model (Keane et al. 2015).

to effects of climate on disease organisms, hosts, and envi-
ronmental predisposition.

We focus on the major groups of forest diseases in the
Northern Rockies known to have significant effects on eco-
systems and ecosystem services, and for which at least some
information is available on effects of climate.

Dwarf Mistletoe

Dwarf mistletoes (4rceuthobium spp.) are a group of
parasitic seed plants that are widespread across the Northern
Rockies region and primarily cause reduced tree growth
and productivity, but in some cases also cause tree mortal-
ity. Five species of dwarf mistletoe are found in the region,

USDA Forest Service RMRS-GTR-374. 2018

mostly on these primary hosts: 4. americanum on lodgepole
pine, A. campylopodum on ponderosa pine, A. cyanocarpum
on limber pine, 4. douglasii on Douglas-fir, and 4. laricis
on western larch (Larix occidentalis). Mistletoes may occa-
sionally infect trees of other species when they are growing
interspersed with infected primary hosts.

Approximately 28 percent of lodgepole pine forest is
infested by A. americanum. Arceuthobium cyanocarpum
occurs primarily east of the Continental Divide, although
the area affected has not been estimated. Douglas-fir is
infested in more than 13 percent of its range by 4. douglasii.
About 38 percent of the western larch type is infested by A.
laricis. The distribution of 4. campylopodum in the region is
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limited to a portion of Idaho, where it occurs on ponderosa
pine. Drummond (1982) estimated that 2.1 million acres of
national forest lands were infested by the three most impor-
tant species of dwarf mistletoe in the Northern Rockies. An
estimated 31 million cubic feet of wood are destroyed by
these pathogens each year.

Root Disease

Root disease is a major cause of tree growth loss and
mortality in the Northern Rockies region. These diseases are
primarily a problem west of the Continental Divide, but also
affect local areas east of the divide. Various species of fungi
cause root disease; the two most important native pathogens
in the Northern Rockies region are Armillaria species and
Heterobasidion irregulare, which causes annosus root
diseases. These and other root diseases co-occur in many
mesic to moist forests west of the divide. Armillaria root
disease kills conifers of all species when they are young,
but is especially damaging to Douglas-fir, subalpine fir,
and grand fir (4bies grandis) because these species remain
susceptible throughout their lives (Kile et al. 1991). In ad-
dition, root diseases often affect canopy closure and create
small gaps. The effects of these root pathogens are persistent
on a site and have impacts on multiple generations of trees.
Armillaria and other root diseases influence forest species
composition, structure, and successional trajectories by
accelerating a transition to species that are more tolerant of
root disease or by maintaining stands of more susceptible
species in early-seral stages (Byler and Hagle 2000). They
can also affect ecosystem services by affecting visual and
recreational resources.

At least 3.3 million acres in the Northern Rockies have
moderate to severe root disease, with up to 60 percent
caused by Armillaria ostoyae (Smith 1984; USDA FS
2007). A recent evaluation of USFS Forest Inventory and
Analysis data in the Northern Region identified 2.3 million
acres of national forest lands with moderate to severe root
disease (Lockman et al., in preparation). Shrub fields have
replaced forest cover on 3 percent of forest lands in Idaho
and Montana as a result of severe root disease. A study
of Ecosection M333d (Bailey 1983), which includes the
southern Idaho Panhandle National Forest and southern
Kootenai National Forest, found evidence of root disease
on 94 percent of the area (Byler and Hagle 2000). Root
disease has reduced forest canopy cover in affected stands in
northern Idaho and western Montana by an average of 20 to
30 percent.

The National Insect and Disease Forest Risk Assessment
(Krist et al. 2014) identified locations where significant tree
mortality and basal area losses from insects and diseases
could occur between 2013 and 2027, modeling the potential
for damage in standing live basal area across all ownerships
from a variety of insects and pathogens. Root disease had
the highest basal area loss as a percentage of total basal
area; projected losses ranging from 0 to 20 percent in most
national forests.
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Needle Disease

Needle diseases have historically been of limited sig-
nificance in the Northern Rockies region; severe infection
years occur only occasionally, and effects are mostly limited
to crown thinning and loss of lower branches with some
mortality of young trees. Needle casts usually cause loss of
needles in the year following a season that has been favor-
able for infection. In western larch, needle cast and needle
blight are observed in the year of infection.

Needle casts and needle blights in lodgepole pine, pon-
derosa pine, western white pine, Douglas-fir, grand fir, and
western larch generally cause little damage in the Northern
Rockies region, although periodic outbreaks can cause
severe damage in local areas (Lockman and Hartless 2008).
These diseases are favored by long, mild, damp springs.
Their occurrence at epidemic levels depends on favor-
able weather conditions and presence of an adequate host
population.

Abiotic Disease

Most abiotic diseases result from the effects of adverse
environmental factors on tree physiology or structure. This
group of diseases can affect trees directly or interact with
biotic agents, including pathogens and insects. A number
of abiotic and environmental factors can affect foliage or
individual branches, or entire trees, tree physiology, and
overall tree vigor. The most significant abiotic damage is
tree mortality.

Forests in the Northern Rockies region are periodically
damaged by weather extremes, such as temperature and
drought. Factors such as air pollutants and nutrient extremes
occur infrequently or locally. An injury known as “red
belt,” caused by strong, dry, warm Chinook winds in winter
that induce twig and needle necrosis and desiccation, often
afflicts conifers on the east side of the Continental Divide,
primarily Douglas-fir and lodgepole pine (Bella and Navratil
1987). Drought injury, an abiotic factor that can cause
disease through loss of foliage and tree mortality, can initi-
ate a decline syndrome by predisposing trees with stressed
crowns and roots and low energy reserves to infection by
less aggressive biotic agents, such as canker fungi and sec-
ondary beetles. A well-studied decline of western white pine
called pole blight occurred in the Northern Rockies in the
1930s and 1940s (Leaphart and Stage 1971). This disease
occurred on pole-size trees, often in plantations that were
growing on shallow soils with low moisture storage capacity
that were exposed to extended drought.

Canker Disease

Canker diseases affect tree branches and boles, typically
in trees that are poorly adapted to the sites in which they
are growing. Damage is caused by breakage at the site of
the cankers, or by mortality of branches and boles beyond
girdling cankers. Although canker fungi are most active on
trees under stress, lack of specific data on climate effects
makes it difficult to infer the effects of climate change.
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Broad-Scale Climate Drivers of
Forest Diseases

Climatic variability and change can alter patterns of
pathogen distribution and abundance through (1) direct
effects on development and survival of a pathogen, (2) phys-
iological changes in tree defenses, and (3) indirect effects on
abundance of natural enemies, mutualists, and competitors
(Ayres and Lombardero 2000). Sturrock et al. (2011) sug-
gest that climate change will affect pathogens, hosts, and
their interaction; changes in these interactions may become
the most substantial drivers of future disease outbreaks.

Fungi cause most forest diseases in the Northern Rockies
region. Fungus life cycles are significantly influenced by
climate-related factors such as timing and duration of pre-
cipitation, humidity, and temperature for spore germination,
fungus growth, and inactivation. Fungus life cycles are short
compared to their hosts, so fungi can respond more rapidly
to a changing climate than their hosts, with potentially
serious consequences (Boland et al. 2004). Dwarf mistletoe
reproduction and infection are also affected by temperature
and moisture (Hawksworth and Wiens 1996), and dwarf
mistletoes are generally most prevalent in sites that have
undergone past disturbances.

Overall health of host trees has a major role in deter-
mining if a pathogen successfully infects a tree or kills it.
Many forest diseases, such as canker diseases, are caused
by “facultative pathogens” that attack weakened hosts
under specific environmental conditions. Impacts of climate
change on host physiology may modify host resistance and
alter stages and rates of development of pathogens (Coakley
et al. 1999). Drought, or limited soil moisture availability, is
a major driver that affects the incidence and severity of fac-
ultative pathogens. Soil moisture deficit, flooding, and water
table fluctuation can all predispose trees to pathogens. Even
if there are areas that may have a net gain in precipitation,
projected longer growing seasons could cause recurring wa-
ter deficit stress. Some diseases may be considered threshold
diseases; that is, they are damaging but only under certain

Table 8.7—Risk assessment for forest diseases.?
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climatic conditions (Hepting 1963). These diseases may
become more damaging if thresholds that trigger infections
are reached more frequently, such as in recurring drought.

Effects of Climate Change on
Forest Diseases

One of the difficulties of predicting sensitivity to a
changing climate is that the scales available for GCMs,
pathogen/disease models, and microsite environments
do not always match (Seem 2004). For example, some
GCM projections provide only mean monthly and annual
estimates, rather than daily data useful for modeling forest
diseases. In addition, pathogen ecology and effects are
sensitive to local site and environmental conditions that may
not be well represented by GCMs. There is also consider-
able uncertainty and lack of knowledge of impacts of a
changing climate on future forest conditions and interactions
with pathogens (Woods et al. 2005, 2010). Compared to
trees, for which available soil moisture is critical, pathogens
are affected more by precipitation events, especially timing,
duration, and pattern, all of which are poorly projected by
climate models. Facultative pathogens respond to weakened
or less vigorous hosts, and their importance could increase
if climatic conditions less favorable to tree growth become
more frequent.

A changing climate will affect forest disease occur-
rence and severity, through effects on the pathogen, the
host, or their interaction (Sturrock et al. 2011) (table 8.7).
Interactions between pathogens and abiotic stressors (e.g.,
temperature and moisture) may represent the most substan-
tial drivers of increased disease outbreaks (Sturrock 2012).
Epidemics also depend on relatively constrained conditions
for spread and infection to occur. For example, increased
drought could affect host susceptibility to pathogens and
predispose hosts to disease outbreaks (Coakley et al. 1999).
Although models usually generate mean climatic conditions,
it is often the extremes that have the greatest influence
on pest conditions (Hepting 1963). Increased host stress

Pathogen Direction Main driver(s) Projected duration Likelihood
component of change of change of change of change
Needle disease  Significant increase if Increased precipitation in May occur sporadically High

appropriate precipitation spring and early summer in association with

timing occurs weather events
Root disease Little change Host stress While hosts are Moderate

maladapted
Dwarf Could decrease mistletoe Temperature could influence  Unknown Low
mistletoe populations flowering and seed
production/dispersal

Abiotic disease  Significant increase Temperature and decreased Unknown High

precipitation

2 Developed using expert opinion and information from literature as summarized in this chapter.
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could result in increased disease occurrence and interac-
tions among multiple agents (Coakley et al. 1999). There is
likely to be an increase in declines and dieback syndromes
(Manion 1991) caused by changes in disease patterns in-
volving a variety of diseases.

A changing climate may indirectly affect competitors,
antagonists, and mutualists that interact with plant patho-
gens (Kliejunas et al. 2009). Some of the most profound
effects of temperature and moisture changes could be on soil
microflora, and on and in roots and shoots, where a complex
of organisms live in relationships at the transition between
pathogenesis, symbiosis, and saprogenesis. The balance
among organisms could be upset, for example, turning a
normal mycorrhizal association to pathogenesis, shifting
pathogens from saprogenic to pathogenic phases, or shifting
the order of ascendency of competing organisms due to their
different temperature or moisture optima; consequently a
pathogen might even take dominance from a saprophyte
(Hepting 1963). Given that root pathogens of trees can
often exploit a large food reserve in a tree once a defense is
breached and then use those reserves to bolster attacks on
nearby trees, even small changes in the frequency of shifts
in relationships among fungal communities could have large
effects.

Despite considerable knowledge about climatic condi-
tions required by specific forest pathogens, little has been
done to determine how changing climates may affect these
pathogens (Kliejunas et al. 2009). Recent modeling work by
Klopfenstein et al. (2009) used a subset of GCMs to project
how the geographic distribution of the climate envelope for
Armillaria solidipes and Douglas-fir could change in the
interior northwestern United States. Their analysis suggests
that Douglas-fir will have a considerably smaller geographic
space that matches its current climate envelope and that this
space will shift, whereas only minor changes are projected
for 4. solidipes. They suggest that areas where Douglas-fir
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is maladapted could increase, which could increase its sus-
ceptibility to Armillaria root disease.

Klopfenstein et al. (2009) used information for climatic
variables based on the current distribution of 4. solidipes
on its Douglas-fir host in a network of plots. Climate space
for A. solidipes modeled for current and 2060 climate are
shown in figure 8.12. These preliminary projections are not
necessarily the current or future distribution of 4. solidipes,
but identify only the modeled climate space matching
where the pathogen currently occurs. It is unknown how the
climate envelope could change because the distribution of
competitor fungi and hosts will change as well.

Spring precipitation is projected to increase in most of
the mountainous area of the Northern Rockies (see Chapter
3). This may increase frequency and severity of years when
needle diseases cause significant needle loss in conifer
species. This could affect the energy balance of susceptible
trees, with potential effects on yield and vigor, particularly
for species that normally carry multiple years of needles and
cannot re-flush later in the season in response to defoliation.

There may be elevation and location maladaptation in
resistance to the increased needle disease pressure result-
ing from climate change, as areas of tree host ranges and
disease occurrences shift in location. Lophodermella needle
cast in lodgepole pine (caused by Lophodermella concolor)
occurred in northern Idaho in the early 1980s (Hoff 1985),
and has also had outbreaks at high elevation in some Idaho
locations in recent years. Lodgepole pine at high elevation
normally has only infrequent outbreaks because bud break
occurs near or after the time when spring rains that favor
infection have ended, whereas needles in lower elevation
trees expand when spores are present and able to infect.

A provenance study under natural conditions during the
outbreak in the 1980s showed that low elevation populations
were generally more resistant and had heritable resistance,
but high elevation populations were susceptible. About 6

Figure 8.12—Modeled (a) current and (b) future (year 2060) climate space for Armillaria solidipes (Klopfenstein et al. 2009).
Colors represent the probability of occurrence. Yellow = moderate, red = high.
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percent of trees in this mixed provenance planting showed
no infection, but 5 percent had almost complete defoliation.
If moist conditions following bud break continue to occur

at high elevation where natural selection for resistance has
not occurred, recurrent needle disease outbreaks could stress
trees and make lodgepole pine more susceptible to other
factors (Hoff 1985).

Another example of a needle disease that may increase in
the Northern Rockies region under climate change is Swiss
needle cast (caused by Phaeocryptopus gaeumannii). This
disease severely limits productivity of Douglas-fir west
of the Cascade divide in Oregon and Washington, causing
growth losses of up to 50 percent (Manter et al. 2005).
Needle loss is very highly correlated with increasing winter
temperatures and spring needle wetness. The disease, which
is expected to become more severe in forests west of the
Cascade crest in a warmer climate (Stone et al. 2008), has
periods of local occurrence in northern Idaho (Navratil and
Bella 1988) and Montana (Weir 1917). Milder winters and
wetter springs that could increase the future distributions
and severity of the disease might occur, but as yet, investi-
gations and modeling have not been conducted to map and
quantify potential effects.

Kliejunas (2011) performed a qualitative risk assess-
ment of the effect of projected climate change on a number
of forest diseases, several of which occur in the Northern
Rockies. Dothistroma needle blight (caused by Dothistroma
septosporum) provides a good example of potential effects
of climate change. Kliejunas (2011) estimates that the risk
potential is low if a warmer and drier climate occurs. A
warmer and wetter climate could increase the risk potential
to moderate. His assessment of the effect of climate change
on dwarf mistletoes indicated a high risk potential regard-
less of precipitation levels because dwarf mistletoe survival
and infection increases with temperature. His assessment
of Armillaria root disease indicated a high to very high risk
potential depending on moisture availability, with drier
conditions increasing the potential.

Forest Pathogen Interactions

Direct effects of fire on pathogens are generally minimal.
Fire directly and indirectly influences distribution, severity,
and persistence of forest diseases; similarly, forest diseases
influence fire behavior and severity. Diseases are generally
host-specific, so removal of susceptible tree species by fire
will usually reduce disease, whereas improving habitat for
susceptible tree species will usually increase disease over
time.

Forest pathogens are directly damaged by smoke and heat
of fires. Smoke can inhibit dwarf mistletoe seed germination
(Zimmerman and Laven 1987), and heat from fire can kill
pathogens that cause root disease in the top 3 inches of soil
(Filip and Yang-Erve 1997). Forest diseases are affected more
by tree mortality from fire. Frequency and intensity of fire
can affect persistence, as well as distribution and severity of
certain diseases. High-intensity fires can completely remove a
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pathogen with its host, as with lodgepole pine-dwarf mistletoe
(Kipfmueller and Baker 1998; Zimmerman et al. 1990), or
remove species susceptible to root disease and prepare the
site for regeneration of less susceptible seral species, such as
pines and western larch (Hagle et al. 2000). Low-intensity
fires often leave mosaics of pathogens along with their
susceptible hosts, which can cause substantial increases of
diseases such as dwarf mistletoe (Kipfmueller and Baker
1998). However, low-intensity fires in some habitats maintain
species tolerant of root disease such as western larch (Hagle
et al. 2000).

Human-caused fire exclusion has led to an increase in root
disease and dwarf mistletoe (Hagle et al. 2000; Rippy et al.
2005), which can influence fire behavior and severity. Root
disease creates pockets of mortality and scattered mortality;
the resulting standing and down woody debris increases fuel
loading, especially large fuels (Fields 2003). Increased lit-
ter accumulation and resinous witches’ brooms from dwarf
mistletoe infections can provide ladder fuels that may cause a
ground fire to move into the canopy (Geils et al. 2002).

Climate effects that increase frequency or intensity of
fires may affect incidence and severity of dwarf mistletoes
(Zimmerman and Laven 1985). Fire affects dwarf mistletoes
by changing canopy structure and stand density (Alexander
and Hawksworth 1975; Dowding 1929); eliminating lower
branches, which may have the heaviest infections and
mistletoe seed production; thinning stem density, which may
reduce lateral spread; and causing mistletoe shoots to abscise.
Loss of shoots eliminates some infections directly, but even if
infections remain within the bark, loss of shoots prevents seed
production for several years, slowing mistletoe intensification
within stands. Trees heavily infested with mistletoe often
retain low infected branches and are prone to torching in
fire, which could increase the risk of crown fire (Conklin and
Geils 2008). Alternatively, torching in individual trees could
eliminate the most heavily infected sources of mistletoe seed
that infect understory regeneration.

An increase in severe weather events or fires could
increase occurrence of other diseases. For example, root and
bole wounds could be used as “infection courts” for root
disease, and such wounds from management, windfalls, and
fire are major avenues of infection for true firs and western
hemlock (Smith 1989) and lodgepole pine (Littke and Gara
1986). Fire damage and other stresses can release root dis-
ease infections that have been walled off by host resistance
responses (Hagle and Filip 2010). Relative importance of
different root diseases could be altered under some climate
change scenarios. Except as a sapling, western larch is con-
sidered resistant to Armillaria root disease due to its ability to
generate multiple corky barriers at infection sites (Robinson
and Morrison 2001). The response of this species to wounds
and the thick bark that it generates also make it among the
most resistant to fire damage, and a species more likely to
persist and regenerate under increased fire frequency.

Illustrating interactions between bark beetles and disease,
a study in lodgepole pine forests of central Oregon showed
that altered stand structure following an MPB epidemic
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increases dwarf mistletoe in lodgepole pine stands, thereby
reducing stand growth and productivity and slowing stand
recovery (Agne et al. 2014). The influence of dwarf mistletoe
on stand structure heterogeneity could increase landscape
resistance and resilience to disturbances. Another example
of complex interrelationships is the interaction between stem
decay, bark beetles, and fire frequency in central Oregon
lodgepole pine. After fire damaged the roots of lodgepole
pines, stem decay fungi infected these damaged roots and
over time caused extensive heartwood decay in the boles of
these trees. Data show these decay-infected trees grew at a
slower rate than uninfected trees and trees with stem decay
were preferentially attacked by MPB years later (Littke and
Gara 1986).

Nonnative Plants

Overview

Projecting how nonnative plants and climate change
may interact to alter native plant communities, ecosystems,
and the services they provide is challenging because of
our limited ability to project how climate change will alter
specific local abiotic conditions that define the fundamental
niches of plants (Gurevitch et al. 2011; Thuiller et al.

2008). We start with knowledge of structure and function

of current ecosystems, and then apply first principles of
ecology to explore how climate change might alter these
systems, their susceptibility to invasion, and invasiveness

of introduced plants from a general perspective. We do not
project changes in individual plant species, but define the
parameters that bound potential community change based on
climate projections and discuss how community invasibility
might be affected across that range of potential conditions.

Effects of Climate Change on
Nonnative Species

Hundreds of nonnative species have been introduced into
the Northern Rockies region (Rice n.d.). Not all of these
species are abundant, but recent surveys showed that nonna-
tive plants account for an average of 40 percent of species
present (richness), and 25 percent of those nonnatives have
significant effects on native grassland flora (Ortega and
Pearson 2005; Pearson et al. in review). Invasive plant spe-
cies represent a threat to ecosystem integrity because they
compete with native species in many plant communities
and can alter ecological processes. These negative impacts
can reduce biological diversity, forage for wildlife, and
recreation opportunities. Most nonnative invasive species
are herbaceous species (graminoids and forbs), but some
are shrub and tree species that commonly occur in riparian
areas (e.g., Russian olive [Elaeagnus angustifolia), tamarisk
[Tamarix ramosissimal).

Although extensive work has been done to understand
the biology of some of the most common nonnatives, such
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information is far from complete. Few studies have explored
how changes in temperature and moisture related to climate
change may affect nonnative plant populations in the
Northern Rockies region.

It has historically been assumed that climate change
will favor nonnative plants over native species (Dukes and
Mooney 1999; Thuiller et al. 2008; Vila et al. 2007; Walther
et al. 2009), but this may be an overgeneralization (Bradley
et al. 2009, 2010; Ortega et al. 2012). Numerous attributes
associated with successful invaders suggest nonnative spe-
cies could flourish under certain climate change scenarios.
For example, many nonnative plants are fast-growing
early-seral species (ruderals) that tend to respond favorably
to increased availability of resources, including temperature,
water, sunlight, and CO, (Milchunas and Lauenroth 1995;
Smith et al. 2000; Walther et al. 2009). Extensive work
shows that nonnative species respond favorably to distur-
bance (Zouhar et al. 2008), which can increase resource
availability (Davis et al. 2000). Nonnative species may also
exploit the disturbances associated with postfire conditions
better than many native species (Zouhar et al. 2008), despite
the adaptations of native plants to fire. In bunchgrass com-
munities, many nonnative plants recruit more strongly than
do native species when native vegetation is disturbed, even
under equal propagule availability (Maron et al. 2012).
Successful invaders also commonly have strong dispersal
strategies and shorter generation times, both of which can
allow them to migrate more quickly than slow-growing and
slowly dispersed species (Clements and Ditommaso 2011).
Greater plasticity of successful invaders could also favor
their survival in place and ability to expand their popula-
tions (Clements and Ditommaso 2011). Collectively, these
attributes suggest that many nonnative species would benefit
if climate change results in increased disturbance.

Few studies have manipulated CO,, moisture, or temper-
ature to quantify the effects of climate change on nonnative
versus native plants in the Northern Rockies region. Of
the work that does exist, most has targeted grassland and
sagebrush communities, presumably because these are
among the most susceptible to invasion (Forcella 1992; see
also Chapter 7). Experimentally increasing temperatures in
a Colorado meadow system resulted in increases in native
upland shrubs, with big sagebrush (Artemisia tridentata)
increasing in drier conditions and shrubby cinquefoil
(Dasiphora fruticosa) in wetter conditions (Harte and Shaw
1995). These different responses indicate the importance of
background moisture in driving species-specific responses
to elevated temperatures.

Recent experimental work in western Montana showed
that reduced precipitation can significantly impact spotted
knapweed (Centaurea melitensis), whereas native blue-
bunch wheatgrass (Pseudoroegneria spicata) populations
were unaffected by the same drought stress (Ortega et
al. 2012; Pearson et al., unpublished data). This result is
consistent with historical observations of spotted knap-
weed declines following drought conditions (Pearson and
Fletcher 2008). In Wyoming sagebrush-steppe systems,
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Table 8.8—Prominent nonnative species in the Northern Rockies and their primary habitats.

Species

Habitat

Cheatgrass (Bromus tectorum)

Spotted knapweed (Centaurea maculosa)
Rush skeletonweed (Chondrilla juncea)
Canada thistle (Cirsium arvense)
Houndstongue (Cynoglossum officinale)
Leafy spurge (Euphorbia esula)

Orange hawkweed (Hieracium aurantiacum)
Yellow hawkweed complex (Hieracium spp.)
St. Johnswort (Hypericum perforatum)
Dalmatian toadflax (Linaria dalmatica)
Yellow toadflax (Linaria vulgaris)

Sulfur cinquefoil (Potentilla recta)

Common tansy (Tanacetum vulgare)

Xeric shrublands and grasslands

Xeric shrublands and grasslands, dry forest openings
Xeric shrublands and grasslands

Wetland/riparian areas, disturbed sites in moist grasslands
Highly disturbed mesic and xeric grasslands, roadsides
Riparian areas, mesic and xeric grasslands

Forest openings, moist meadows, roadsides

Forest openings, roadsides

Xeric grasslands and shrublands

Xeric grasslands and shrublands

Mesic to xeric grasslands and shrublands, burned areas
Xeric grasslands and shrublands

Riparian areas

bluebunch wheatgrass outperformed both cheatgrass and
medusahead (Taeniatherum caput-medusae) in dry years,
but the opposite was true in wet years (Mangla et al. 2011).
Community-level studies in other grasslands have shown
that drought periods can shift vegetation away from annual
grasses and forbs and toward drought-tolerant native peren-
nial grasses (Tilman and El Haddi 1992). Hence, heating
and drying could favor drought-tolerant native species in
dry grassland and sagebrush systems and reduce their sus-
ceptibility to invasion by nonnative species (see Chapter 7).
However, these conditions might increase susceptibility of
native vegetation to invasive species in wetter locations.

Xeric Grasslands and Shrublands

Of the many dominant cover types that occur in the
Northern Rockies region, the most vulnerable to weed inva-
sion are typically those on warm, dry (xeric) sites, although
riparian and wetland sites can be invaded by several inva-
sive plant species. The most susceptible plant communities
tend to have low vegetation cover, high bare ground, and
unproductive soils; various nonnative plant species exploit
these more open sites. However, disturbances resulting from
fire or vegetation management can provide opportunities for
invasion in most kinds of dominant vegetation. Hundreds of
nonnative plant species occur in the Northern Rockies, the
most serious of which are described in table 8.8.

Xeric grasslands and shrublands are highly vulnerable to
establishment of nonnative species (see Chapter 7). Many of
the native plants in Northern Rockies grasslands are peren-
nials that tolerate environmental variability over long time
scales in contrast with the life history strategies of weedy
invasive species (Grime 1977; MacArthur and Wilson
1967). Whether native or nonnative species benefit, or more
specifically, which native or nonnative species benefit, will
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probably depend on the specific ways in which climate
change plays out.

If temperature increases but precipitation does not, this
will likely reduce resource availability and increase stress,
potentially favoring nonnative species. Projections of the
effects of climate change need to consider how nonnative
plants respond, as well as how recipient communities and
their invasibility may change. Many successful nonnative
species flower later and have different phenologies from
native species, allowing nonnative species to potentially
exploit an empty niche (Pearson et al. 2012). Therefore,
nonnative species may increase if this niche expands with
climate change, or decline if the niche is disrupted.

Invasive species primarily spread into disturbed areas
with sufficient bare ground and sunlight for germination
and establishment, although some species such as spotted
knapweed, houndstongue (Cynoglossum officinale), yellow
sweet clover (Melilotus officinalis), and yellow toadflax
(Linaria vulgaris) can readily establish in undisturbed
plant communities. Nonforested landscapes (e.g., shrub-
lands, grasslands) have been invaded in many areas of the
Northern Rockies region (see Chapter 7). As fires and other
disturbances increase in intensity and frequency, invasive
species can occupy and potentially dominate native plant
communities that were previously resistant to invasion,
although numerous factors such as fire resistance of native
species, propagule availability, and variation in burn sever-
ity can affect establishment (Zouhar et al. 2008). Native and
domestic livestock grazing and browsing of native species
can reduce plant vigor and open up sites for establishment
of invasive species. Silvicultural prescriptions that decrease
canopy cover also increase the likelihood that invasive spe-
cies may establish and increase in both cover and density,
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Table 8.9—Risk assessment for nonnative plant species.?
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Invasive species Direction Main driver(s) Likelihood
component of change of change of change
Area infested Variable by species, Altered temperature and precipitation High
from low to high patterns; increased atmospheric CO,;

altered fire regimes
Species response to High Increased fire frequency and severity, High
habitat disturbance which can increase the amount of habitat

vulnerable to nonnative invasion
Altered fire regimes High Increased fire frequency in areas with fire- High

tolerant and flammable invasive species
(e.g., cheatgrass-fire cycle)

@ Developed using expert opinion and information from literature as summarized in this chapter.

although subsequent succession may suppress those species
as canopy closure returns.

Climate change is likely to result in a range of responses
among invasive species, due to differences in their eco-
logical amplitude and life history strategies (table 8.9).
Bioclimatic envelope modeling indicates that climate
change could result in both range expansion and contrac-
tion for five widespread and dominant invasive plants in
the western United States. Yellow starthistle (Centaurea
solstitialis) and tamarisk are likely to expand, whereas leafy
spurge (Euphorbia esula) is likely to contract; cheatgrass
and spotted knapweed are likely to shift in range, leading to
both expansion and contraction (Bradley 2009; Bradley et
al. 2009). Invasive species are generally inherently adapt-
able and capable of relatively rapid genetic change, which
can enhance their ability to invade new areas in response to
ecosystem modifications (Clements and Ditomaso 2011),
including short-term disturbance (fire) or long-term stressors
(e.g., prolonged drought, increased temperatures, chronic
improper grazing). Increased concentrations of CO, in the
atmosphere have been shown to increase the growth of weed
species, which could have an influence on their invasiveness
(Ziska 2003).
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Chapter 9: Climate Change and Wildlife in
the Northern Rockies Region

Kevin S. McKelvey and Polly C. Buotte

How Climate Affects Wildlife

Temperature and moisture affect organisms through their
operational environment and the thin boundary layer im-
mediately above their tissues, and these effects are measured
at short time scales. When a human (a mammal) wearing
a dark insulative layer walks outdoors on a cold but sunny
day, he or she feels warm because energy from the sun is
interacting with the dark clothing, creating a warm boundary
layer to which his or her body reacts. Conditions beyond
that thin boundary layer are physiologically irrelevant. Walk
into the shade, and suddenly one is cold because the warm
boundary layer has been replaced with one at the ambient
temperature of the air. This example demonstrates many
factors to consider when evaluating the degree to which a
change in climate will affect an organism. Climate is defined
as the long-term average of temperature, precipitation, and
wind velocity. “Long term,” when applied to climate, is a
relative term and can refer to periods of weeks to centuries.
In the context of climate models, results are generally re-
ported as averages across 30-year intervals, which for many
animal species represent multiple generations. Our ability to
infer the biological effects of projected long-term changes
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Figure 9.1—Visual summary of workshop discussions on
the influence of climate on wildlife populations in the
Northern Rockies Adaptation Partnership. Pathways
of climate influence (black) interact with population
characteristics (blue) to affect the future population status
(red). A given pathway affects multiple species, and
multiple pathways affect a given species.
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in temperature and precipitation relies both on our ability

to directly relate these multiyear averages to biological
responses, and the trophic distance between climate-induced
ecological change and its effects on specific biological
relationships.

As just noted, a human’s response to change in radi-
ant energy is fast, measured in seconds to minutes, so
its relation to 30-year average temperature is obscure.
Climate changes the frequency of weather events, which
in turn change the frequency of nearly instantaneous shifts
in boundary layer conditions around one’s body. In ag-
gregate, these changes in frequency lead to conditions that
an individual either can navigate and tolerate—or cannot.
This is further complicated for endotherms (warm-blooded
animals), which maintain a constant body temperature. Cold
or excessive heat affects endotherms by requiring them
to burn more calories to maintain the required core tem-
perature. Thus, endotherms can function in a wide variety
of environmental conditions if they have enough food to
supply the necessary energy. Fish, reptiles, and amphibians
are ectotherms (cold-blooded organisms), which react to the
cold not by feeling cold and metabolizing energy to main-
tain core temperature, but by having their metabolism slow
until they are torpid.

Many of the species described here occupy terrestrial
habitats. Terrestrial organisms can manipulate their opera-
tional environment in a myriad of ways, choosing to stand in
the sun or shade, moving uphill or down, changing aspect,
or seeking cooler or warmer environments by digging into
a burrow in the ground or under the snow. Endothermic
animals can change the thickness of the boundary layer by
modifying their hair or feathers, both seasonally and on a
short-term basis, thus responding to variable thermal condi-
tions while minimizing energy expenditures. The ability of
terrestrial organisms to manipulate their operational environ-
ment contrasts with aquatic organisms, which have a harder
time avoiding adverse temperatures because water is an
excellent conductor of heat. In addition, aquatic ectotherms
have no way to avoid overheating when water temperatures
rise, so it is more straightforward to evaluate the effects of
climate change for fish with known warm-water limits than it
is for terrestrial endotherms (see Chapter 5).

Terrestrial endotherms are more likely to experience ef-
fects associated with changes in precipitation amounts and
types than effects associated with changes in temperature.
These species have less flexibility in dealing with changes
in precipitation patterns than with changes in temperature
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Figure 9.2—Canada lynx (a) have snow-specific adaptations (oversized feet, long legs, and a thin, light skeleton), and snowshoe
hares (b) dominate their diets. Snowshoe hares undergo seasonal pelage changes from brown to white, and the effectiveness
of this strategy depends on synchrony with snow cover. A mismatch between the hare’s fur color and its environment would
make it more vulnerable to predation by lynx (photo (a): U.S. Fish and Wildlife Service; (b) photo: L. Scott Mills, used with
permission).

because water produces physical features that serve as habi-
tat for which they are specifically adapted. In the Northern
Rockies region, and in other areas with cold winters, snow
provides physical habitat for which a number of organisms
have specific adaptations. An obvious adaptation is seasonal
color change in pelage: being white in a snowy landscape
enhances the likelihood of escaping detection if the animal
is prey, and approaching prey if the animal is a predator.
Therefore, white pelage in winter confers specific fitness
advantages if pelage change is properly timed to coincide
with snow cover. But it is a disadvantage if mistimed (see
discussion of snowshoe hare [Lepus americanus] later in
this chapter) (fig. 9.2). Specific morphological features such
as oversized feet, long legs, and light bone structures also
provide benefits in snow-covered landscapes but may be
disadvantageous in environments without snow.

Deep snow provides a relatively warm, stable environ-
ment at the interface between snow and soil; soils in areas
characterized by deep snow generally remain above freezing
throughout the winter (Edwards et al. 2007), and the sub-
nivean environment (beneath the snow surface) is used by
many organisms to den or feed. For organisms that depend
on a stable subnivean environment or that have specific
phenological adaptations to snow, reduced snowpack caused
by a shift in precipitation from snow to rain represents a
loss of critical habitat (see later discussion of American pika
[Ochotona princeps]). Similarly, water bodies are the physi-
cal habitats for a wide variety of animals, providing sources
of prey, temperature control, and safety from predation. In
addition, open or flowing water can provide important mi-
croclimates. For example, pikas can be found in what appear
to be hot, dry environments if water flow beneath the talus
produces cool microsites (Millar and Westfall 2010a).

Physical features associated with snow and water inte-
grate across longer time periods and are therefore closely
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associated with projected climate. For example, depth of
snowpack integrates seasonal moisture and temperature.
Seeps, springs, bogs, and persistent streams dependent on
continuous sources of groundwater can integrate longer cli-
matic periods. In some areas, water features are dependent
on glaciers, which integrate seasonal weather and long-term
climate. Therefore, areas with these features and the species
that depend on them are vulnerable to climate change, react-
ing at time scales reasonably consistent with the temporal
projections of global climate models (GCM) and providing
opportunities to project effects on habitats and species.

As noted earlier, terrestrial endotherms have many op-
tions for controlling both their operational environments and
the physiological effects of these environments. Terrestrial
plants are stationary ectotherms and, lacking the behavioral
and physiological plasticity of endothermic animals, are
more directly affected by climate changes (see Chapter 6).
Therefore, climate effects on wildlife will frequently occur
due to changes in plant assemblages that constitute wildlife
habitat. For predators, these effects may be either direct
(e.g., changes in the number and locations of vegetation
boundaries used by predators) or indirect through changes
in prey densities or prey availability to predators. Climate-
induced changes in trophic structures are expected to be
common, complex, and interactive, but are at least one step
removed from climate (e.g., Post et al. 1999).

The effects of habitat changes on a specific animal are
difficult to project and require specific understanding of the
functional roles that ecological attributes play in the life
history of the animal, and the consequences associated with
alternative life history strategies. These types of data are
often lacking, and although current behaviors can be stud-
ied, they may not be informative relative to climate change
effects, and responses may be novel and unanticipated. For
example, polar bears (Ursus maritimus) are historically
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adapted to pack-ice hunting for seals, but with recent reduc-
tions in pack ice, they have in some areas shifted to feeding
on the eggs of snow geese (Chen caerulescens) (Rockwell
and Gormezano 2009), whose populations have erupted
because of their ability to feed in agricultural fields (Fox et
al. 2005).

In addition to changes in vegetation and prey, trophic
effects include the presence and abundance of disease and
parasitic organisms. For example, for greater sage-grouse
(Centrocercus urophasianus), the potential spread of
West Nile virus (Flavivirus spp.) associated with climate
change may increase stress in grouse populations (Schrag
et al. 2011), but the effect is difficult to project. For many
organisms, current ranges are often strongly limited by hu-
man activities. For example, greater sage-grouse range is
limited by conversion of native sagebrush (4Artemisia spp.)
habitat to agricultural uses (Connelly et al. 2004; Miller and
Eddleman 2001).

Last, climate change is likely to alter the nature and loca-
tion of human activities that affect wildlife. In the western
United States, changes in water availability and the amounts
required for irrigation can be expected to have profound
effects on human activity and settlement patterns (Barnett et
al. 2005). In addition, societal effects associated with local
changes will occur within the context of societal changes
across much larger spatial domains. Changes in technology,
standards of living, infrastructure, laws, and the relative im-
pacts of climate changes in other areas, will all affect local
human activities.

In summary, the ways that climate change affects en-
dothermic terrestrial species are likely to be complex and
difficult to project. In addition to the uncertainty of future
climate itself (see Chapter 3), effects on most species will
be indirect through proxies such as ecological disturbance,
habitat structure, prey availability, disease dynamics, and
shifts in human activities.

The Importance of Community
in Defining Habitat

Our understanding of wildlife ecology, particularly at
broad spatial scales, is generally limited to the correlation of
occurrence patterns to landscape features rather than direct
studies of those factors that limit species distributions. In
some cases, patterns of occurrence are clear, consistent,
and highly correlated with climate (see later discussion on
wolverine [Gulo gulo]), but the causal relationships remain
obscure. For instance, many passerine birds nest only in
specific habitats; an example is Brewer’s sparrow (Spizella
breweri) (see later discussion), which is obligate to sage-
brush. Although the pattern is clear and invariant, the nature
of the obligate links to sagebrush is unknown. Species such
as ruffed grouse (Bonasa umbellus) (see later discussion)
clearly have northern distributions, but the factors that
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define the southern limits of their current distributions are
not well understood (Lowe et al. 2010).

This lack of causal understanding may be unimportant
for current management of these species because manage-
ment takes place only in areas where the species currently
occurs or where it occurred in the recent historical past.
Based on observed patterns of use and distribution, enough
information exists to identify and manage current habitat.
However, it cannot be assumed that measured correlations
will persist in an altered climate. We typically characterize
habitat elements within the context of assemblages of most-
ly unmeasured plants and animals. For example, assume that
an organism’s occurrence is strongly correlated with mature
Douglas-fir (Pseudotsuga menziesii) forests. These forests
contain other tree and understory species, animal com-
munities, and successional trajectories (e.g., habitat types;
Daubenmire [1952]). However, Douglas-fir projected onto a
future landscape may be associated with different plant and
animal communities. Due to the correlational nature of most
of our habitat knowledge, it is difficult to know which of
these community members are critical to habitat quality for
a target species and thus the habitat quality of novel species
assemblages.

In addition, factors identified as important are restricted
to those that currently limit behavior. Therefore, in corre-
lation-based habitat relationships, changes in non-limiting
but essential factors will not produce strong correlations
with behaviors. For example, distance to water may be a
strong habitat correlate in desert environments but may not
be correlated with habitat quality in a rainforest. Water may
be no less important in the rainforest, but it is currently not
limiting. As climate change alters biophysical attributes
of landscapes, limiting factors and definitions of what
constitutes habitat may change. Water availability might
become the most critical habitat attribute in a previously wet
environment that has become dry. For the most part, these
important but latent habitat attributes will remain unknown
until exposed by changes in climate.

In addition to potentially changing vegetation communi-
ties and limiting factors, the effects of climate on future
habitats are further complicated by altered disturbance
regimes. Regeneration, growth, and disturbance pat-
terns collectively create landscapes that provide habitats.
Changing disturbance dynamics (see Chapter 8) alter the
characteristics of landscape mosaics and fundamentally
alter habitats. As climate change causes shifts in plant and
animal distributions, a temporal mismatch between decrease
of current habitat and increase of new habitat may occur,

a mismatch that will be exacerbated by increased levels

of disturbance. Wildfire can destroy current habitat in a

day, but generation of new habitat may require centuries,
depending on the time necessary to create critical elements
through regeneration, growth, and succession. The fisher
provides an example of these uncertainties. In Idaho and
Montana, fishers are currently limited to mature forests in
the Inland Maritime climatic zone. However, GCMs indicate
that this zone will move to the east, and mature forest may
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take a century or more to grow in these new locations, creat-
ing uncertainty about the future range of fisher (see later
discussion).

Given the uncertainty associated with determining likely
trajectories of species and their habitats under climate
change, assessments of general vulnerability and projected
changes can best be viewed as hypotheses to be tested.
Therefore, it is desirable to develop proactive management
strategies that maintain valued species and landscape at-
tributes, including objectives such as creating resilience
to disturbance. Prioritizing which things are measured can
improve the connection between environmental change and
management. A monitoring program designed to test spe-
cific hypotheses associated with specific organisms (Nichols
and Williams 2006) can improve our understanding of rela-
tionships between climate change and landscapes, providing
data that inform science-based management.

Evaluating Sensitivity of Species
to Climate Change

Evaluating the potential effects of climate change on
animal species begins with determining which species are of
interest, collecting biological information about them, and
paying special attention to biological traits that might lead to
changes in distribution and abundance in a warmer climate
(e.g., Glick et al. 2011). Some species have received signifi-
cant attention, and this interest has generated peer-reviewed
articles that formally analyze the effects of climate change,
although this is relatively uncommon.

Foden et al. (2013) identify three dimensions associated
with climate change vulnerability—sensitivity, exposure,
and adaptive capacity—and apply a framework based on
assessing these attributes to nearly 17,000 species. Other
expert systems have been developed to evaluate the rela-
tive degree of climate sensitivity and vulnerability for
various species including the Climate Sensitivity Database
(Lawler and Case 2010) and NatureServe Climate Change
Vulnerability Index (NatureServe n.d.). These tools do not
seek to understand specific responses of animals to climate,
but rather to identify species that are likely to be vulnerable
based on current habitat associations, life history traits, and
distributions (Foden et al. 2013). Bagne et al. (2011) formal-
ized this process in the System for Assessing Vulnerability
of Species (SAVS). In SAVS, species are assessed based
on a large number of traits associated with habitat (seven
traits), physiology (six traits), phenology (four traits), and
biotic interactions (five traits). For each of these 22 traits, a
score of —1, 0, or 1 is assigned; positive scores indicate vul-
nerability, and negative scores indicate resilience. The raw
scores are multiplied by correction factors associated with
the number of traits in a category and possible scores across
traits to achieve a standardized score between —20 and 20
that indicates the relative vulnerability of the species.

356

CLIMATE CHANGE AND WILDLIFE IN THE NORTHERN ROCKIES REGION

Formalizing traits that can lead to vulnerability provides
a framework for collecting biological data associated with
a species and for considering the effects of climate change.
However, existing expert systems cannot be used to infer
that sensitivities for disparate topics such as habitat and
phenology are proportionally important or that estimated
vulnerability has quantitative meaning (Bagne et al. 2011;
Case et al. 2015). Even if these issues were considered
unimportant, accurately identifying vulnerability for most
of the species evaluated here would not be possible given
current biological understanding. Because data on climate-
species relationships are so sparse, this assessment focuses
primarily on evaluation of each trait as it relates to the biol-
ogy of animal species.

Following are assessments for animal species identified
as high priority by Forest Service, U.S. Department of
Agriculture (USFS) Northern Region resource specialists,
and for additional species identified by participants in five
workshops convened by the Northern Rockies Adaptation
Partnership (see Chapter 1). Species were not necessarily
chosen based on their perceived level of vulnerability. In
many cases, species are associated with specific habitats
that were considered vulnerable; for example, some species
are associated with sagebrush communities, others with
snow depth and cover, and others with dry forests that have
large trees. These assessment summaries contain projec-
tions of climate change effects based on interpretation of
the pertinent literature. Level of detail differs considerably
among species and is mostly driven by the degree to which
the species have been evaluated in the context of climate
change. Species are listed in alphabetical order within each
taxonomic class.

Mammals

American Beaver

American beavers (Castor canadensis), like their
European counterpart (C. fiber), tend to spend most of the
winter in their lodges or swimming to retrieve food, so cli-
mate may be more influential during spring through autumn
than during winter (Jarema et al. 2009). However, body
weights of juvenile European beavers were lighter when
winters were colder (Campbell et al. 2013). The cost of ther-
modynamic regulation may be greater for juveniles because
they have higher surface area-to-volume ratios than adults
(on whom winter temperature had no effect) (Campbell et
al. 2013).

In Quebec, beaver density was highest in areas with the
highest maximum spring and summer temperatures (Jarema
et al. 2009). Conversely, European beavers in Norway
achieved heavier body weights when spring temperatures
were lower, and the rate of vegetation green-up was slower
(Campbell et al. 2013). This apparent contradiction may
have been caused by the timing and measurement of climate
and response variables. Although beavers create and require
ponds, survival and body weight in European beavers have
been linked to lower, and more consistent, precipitation
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Figure 9.3—Maintenance and
restoration of American beaver
populations are adaptation tactics
for maintaining water on the
landscape. Although beavers are
not particularly climate sensitive
themselves, the structures beavers
create and their effects on aquatic
habitats and floodplains may help
to ameliorate the effects of climatic
change on cold-water fish species
and other aquatic organisms (photo:
E. Himmel, National Park Service).

from April through September (Campbell et al. 2012, 2013).
Higher water levels during high precipitation years were
thought to lead to decreased riparian plant growth caused by
waterlogging (Campbell et al. 2012).

Climate can indirectly influence beavers through ef-
fects on vegetation. Climate change and climate-driven
changes in streamflow are likely to reduce the abundance of
dominant early-successional tree species in riparian habitats
(Perry et al. 2012), reducing food and building materials for
beaver. Beavers can be used as a management tool to buf-
fer riparian systems from drought (Lawler 2009) (fig. 9.3).
Beaver ponds increase the amount of open water (Hood and
Bayley 2008), and beaver management can be used as a sur-
rogate for amphibian conservation (Stevens et al. 2007).

American Pika

The American pika (Ochotona princeps) is a small
(5-8 ounces) lagomorph that often inhabits rocky alpine
areas in western North America (Smith and Weston 1990)
(fig. 9.4). The species has been extensively studied in the
Great Basin, where pika habitat typically occurs as small
islands near mountaintops. Relatively little study of pikas
had occurred in the Northern Rockies until recently, with
the exception of research on occupancy and abundance in
relation to microclimate, topography, and vegetation in the
Bighorn Mountains and Wind River Range (Wyoming)
(Yandow 2013). Studies are in process in the Bridger-
Teton National Forest and Greater Yellowstone Area (Erik
Beever, U.S. Geological Survey, Northern Rocky Mountain
Science Center, Bozeman, MT, August 2014, personal
communication).

Research suggests that pikas depend on moist, cool sum-
mer conditions and winter snow (Beever et al. 2011), and on
low water-balance stress and green vegetation (Beever et al.
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2013). Across paleontological time scales (Grayson 2005)
and during the 20™ century, pikas across the Great Basin
have reacted to increasing temperature by moving upslope
or becoming locally extirpated when the climate becomes
hot and dry (Beever et al. 2011). Results from field research
from 2012 through 2014 in the Great Basin indicate that lo-
cal extirpations and retractions are continuing (Erik Beever,
U.S. Geological Survey, Northern Rocky Mountain Science
Center, Bozeman, MT, August 2014, personal communica-
tion). Local changes in pika distribution have also been
recorded in Utah, the southern Sierra Nevada, and southern
and central Cascade Range (Beever et al. 2011 and refer-
ences therein).

In the Great Basin, pika extirpation (1994-2008) oc-
curred in microsites that were generally hotter in summer
(more frequent acute heat, and hotter average temperature
across the whole summer) and were more frequently very
cold in winter than in locations where pikas persisted. In
the latter case, warming reduced insulating snow, causing
near-ground temperatures to decrease (Beever et al. 2010).
Furthermore, density of pikas in surveys from 2003 through
2008 was best predicted by maximum snow water equiva-
lent and growing-season precipitation (Beever et al. 2013).
Some extirpations have occurred at sites with low annual
precipitation (Beever et al. 2011, 2013), reinforcing study
results in the southern Rocky Mountains (mostly Colorado),
where surveys indicated that 4 pika extirpations (among 69
total sites with historical records) occurred at the driest sites
(Erb et al. 2011).

Winter snowpack not only insulates pikas during cold
periods, but also provides water during the summer, when
plant senescence at drier sites occurs earlier in the year,
eliminating available metabolic water for pikas. Surveys,
mostly in the Sierra Nevada, found that pika extirpations
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Figure 9.4—The American pika is a small lagomorph that
collects grass and herbs throughout the summer as winter
food and remains active throughout the winter. It depends
on the relatively warm subnivean environment associated
with deep winter snowpack (photo: Will Thomson, U.S.
Geological Survey).

were associated with sites with higher maximum tem-
peratures and lower annual precipitation (Millar and
Westfall 2010b). Chronic stresses (average temperature
during summer, maximum snowpack, and growing-season
precipitation), acute temperature stresses (hot and cold),
and vegetation productivity apparently contributed to pika
declines in the Great Basin (Beever et al. 2010, 2011, 2013).

Individual mountain ranges are thought to act as discrete
areas without any pika migration between adjacent ranges
across valley bottoms (Castillo et al. 2014), although dis-
junct metapopulations of pikas separated by short distances
may exist. In a study of pika populations in ore dumps sepa-
rated by tens to hundreds of yards, individual populations
that were extirpated were recolonized, and abundance across
all ore piles remained constant (Smith 1980). This process
apparently occurs only at very short distances because
habitats isolated by more than 1,150 feet were generally
unoccupied. Connectivity of pika populations apparently de-
pends on context, with lower connectivity between sites that
occur in hotter, drier landscapes (Castillo et al. 2014; Henry
et al. 2012). Thus, recolonization may occur at distances
less than 0.5 mile and in areas where between-population
dispersal occurs within cool, moist landscapes, whereas
recolonization at longer distances is rare. In the Great Basin,
once pikas have been extirpated from a site, they have never
been detected in subsequent surveys across 21 years of con-
temporary research (Beever et al. 2011).

At the broadest spatial scales, there is genetic evidence
for historical isolation; pikas across the Intermountain West
separate into five distinct groups (Galbreath et al. 2010).

At smaller scales, inbreeding and high levels of genetic
structure exist between high and low elevation populations
in British Columbia, even when the populations are geo-
graphically proximal. Castillo et al. (2014) found that gene
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flow is restricted primarily by topographic relief, water, and
west-facing aspects, suggesting that physical restrictions
related to small body size and mode of locomotion, as well
as exposure to relatively high temperatures, limited pika
dispersal.

Studies in the Sierra Nevada (Millar and Westfall
2010a,b) and southern Rocky Mountains (Erb et al. 2011), at
sites in which pikas were common and not generally subject
to extirpation across most of the landscape, indicated that
physiological limits for this species had not been reached.
This will probably be the case for most pika populations
in the Northern Rockies region in the near term. Although
hot, dry climate may limit pika distributions, local moisture
sources, rock-ice features, aspect, and the physical structure
of talus fields may climatically buffer pikas from macro-
climatic stresses (Millar and Westfall 2010a). Existence
of pikas at Lava Beds National Monument, Craters of
the Moon National Monument, and the Columbia River
Gorge—all of which have warm, dry climates—underscores
the importance of microclimate for species vulnerability
assessments, and indicates that microclimate and macro-
climate are decoupled in some locations (Rodhouse et al.
2010; Simpson 2009; Varner and Dearing 2014).

Because pikas are sensitive to high temperature, we ex-
pect that pika populations will respond to climate change in
the Northern Rockies region. However, site-specific factors
contribute to highly variable microclimates, so response to
climate change will vary considerably over space and time.
A large amount of data has been collected on this species
over the past decade, and it should be possible to develop
more-accurate projections of population response as moni-
toring data continue to accrue.

Canada Lynx

The Canada lynx (Lynx canadensis) is a mid-sized cat
with several specific adaptations that allow it to travel
across soft snow. The most obvious adaptation is oversized
feet: foot loading is 0.5 times that of the similar sized
bobcat (L. rufus) (Buskirk et al. 2000). Canada lynx prey
nearly obligately on snowshoe hares (fig. 9.2). Not only do
snowshoe hares constitute 33 to 100 percent of lynx diet
(Mowat et al. 2000), but a low proportion of hares in the
diet indicates scarcity of hares, not diet plasticity (Mowat et
al. 2000). Studies of lynx winter diet in the Clearwater River
watershed (western Montana) found 94 to 99 percent of the
diet consisted of snowshoe hares (Squires and Ruggiero
2007). Snowshoe hares are also specially adapted to snowy
environments. When compared to similar sized leporids,
they have oversized feet. They also exhibit seasonal pelage
change from brown to white. Because lynx and hares have a
close association and have specialized adaptations to allow
survival in snowy environments, climate relationships for
both species are explored in this section.

The Canada lynx is found exclusively in North America,
its distribution extending across the interior of Canada and
Alaska and northward into tundra vegetation. In the con-
terminous United States, both current and likely historical
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populations are located in the extreme northern portions

of this region: Maine, historically New York and New
Hampshire, Minnesota north of Lake Superior, western
Montana, and northern Washington (McKelvey et al. 2000).
A tiny population existed and may still exist in the Greater
Yellowstone Area. Periodically, in the years immediately
after major population eruptions in the north, lynx distri-
butions expand; lynx were found ephemerally in North
Dakota, and populations temporarily increased in Montana
(McKelvey et al. 2000). Bobcats and lynx were not well dif-
ferentiated in the fur market (Novak et al. 1987)—with large
bobcats often recorded as “lynx”—so trapping records are
typically untrustworthy (McKelvey et al. 2000). Recently,

a population was translocated to Colorado, and appears

to be persisting; after initial high mortality rates, annual
survival has exceeded 90 percent (Devineau et al. 2010).
However, the historical evidence for lynx in Colorado is
weak, with most of the verified records occurring in years
consistent with immigration from the north (McKelvey et
al. 2000). Hare densities in Colorado are generally less than
the threshold of 0.5 hare per acre (Ivan et al. 2014) thought
to be the minimum hare density associated with stable lynx
populations (Mowat et al. 2000).

When evaluating the potential distribution of lynx, it is
important to note that large populations of lynx are located
in the interior of the continent. Lynx are common in Alberta
and Saskatchewan, where more than 20,000 were trapped
per year in recent eruptions (Novak et al. 1987), but they
are and were rare along both the Atlantic and Pacific coasts.
Lynx are more common in areas with a northern continental
climate, probably because soft powdery snow is more com-
mon there.

Maintaining population connectivity is central to lynx
conservation. However, maintaining connectivity may
become increasingly difficult as southern populations of
boreal species become more isolated with climate change
(van Oort et al. 2011). This is of particular concern because
disturbance processes that include wildfire, insects, and dis-
ease make some boreal forests vulnerable to climate change
(Agee 2000; Carroll et al. 2004; Fishlin et al. 2007; Fleming
et al. 2002; Intergovernmental Panel on Climate Change
[TPCC] 2007a,b; Logan et al. 2003).

In the Northern Rockies region, lynx exist in only a
few areas: the Clearwater River watershed, Bob Marshall
Wilderness, and the northwestern corner of Montana. A few
lynx were known to inhabit the Greater Yellowstone Area
in 2000 (Squires and Laurion 2000), but their current status
is unknown. Dens are located in boulder fields and spruce-
fir forests with high horizontal cover and abundant coarse
woody debris. Eighty percent of dens are in mature forest
and 13 percent in mid-seral regenerating stands (Squires et
al. 2008). For winter foraging, lynx preferentially forage in
mature, multilayer spruce-fir forests composed of larger di-
ameter trees with high horizontal cover, abundant snowshoe
hares, and deep snow (Squires et al. 2010). During summer,
lynx occupy young forests with high horizontal cover,
abundant total shrubs, abundant small diameter trees, and
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dense spruce-fir saplings (Squires et al. 2010). Lynx select
home ranges with vegetative conditions consistent with
those identified for foraging and denning, primarily at mid-
elevations (Squires et al. 2013). Assuming that preferences
for movement between home ranges are similar to those
associated with moving within the home range, dispersal
pathways consist of areas with similar properties to those
used for foraging (Squires et al. 2013).

The range of snowshoe hare (Hall and Kelson 1959) is
more extensive than that of lynx, extending into the mid-
Sierra Nevada and areas such as the Olympic Peninsula,
where there are no records of lynx occurrence (McKelvey
et al. 2000). The more extensive hare distribution, which
includes areas with limited snow (e.g., the Pacific coast),
is probably caused by greater genetic differentiation for
snowshoe hares than for lynx. Across the continent, lynx ex-
ist in a single, largely panmictic (random mating) population
(Schwartz et al. 2004), whereas hares are subdivided into six
subspecies (Wilson and Reeder 2005).

Hares exhibit variation in timing of pelage change across
western North America, but variation is low in any specific
location, and timing appears to be genetically controlled
and linked to photoperiod (e.g., Hall and Kelson 1959;
Zimova et al. 2014). Timing of pelage change is critical
for hare survival, because mismatches—a white hare on a
dark background and vice versa—cause most hares to die
from predation (Hodges 2000) (fig. 9.2). Initiation of pel-
age change is apparently driven by photoperiod rather than
background color, so the ability of hares to shift the timing
of pelage change to match patterns of snow cover is limited
(Mills et al. 2013). Given projections of snow cover by 2100
(see chapters 3 and 4), current patterns of pelage change in
the Northern Rockies region will be mismatched with the
period of snow cover. Unless a significant change occurs
in the population genetics of hares, they will be the wrong
color for about 2 months per year (one month in spring, one
month in fall) in the region (Mills et al. 2013).

Both lynx and hares require specific amounts and dura-
tion of winter snow. An example of this for lynx occurs in
Minnesota, where current and historical populations are lim-
ited to the “arrowhead” north of Lake Superior (McKelvey
et al. 2000; Schwartz et al. 2004). This area is characterized
by lake-effect snow, and outside of it, bobcats dominate
and lynx are not found. Both lynx and hares require forests
with dense understory canopies. In western Montana, lynx
and hares use older spruce-fir forests. If climate change and
associated disturbance reduce the abundance of these forest
types, habitat loss could be significant, reducing populations
of lynx and hares.

Fisher

The fisher (Martes pennanti) is a mid-sized, forest-
dwelling mustelid. The range of the fisher covers much of
the boreal forest in Canada, a broad area of the northeastern
United States extending from the Lake States to Maine, and
a scattered distribution in the western United States. Males
and females are similar in appearance, but the males are
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larger. Males are 35 to 47 inches long and weigh 8 to 13
pounds; females are 30 to 37 inches long and weigh 4 to 6
pounds (Powell 1993).

Fishers are common in the eastern United States and
are often associated with urban environments, but they are
uncommon in the western United States and apparently
have very specific habitat associations. Although the current
distribution of fishers is reduced from the historical range,
populations have typically been disjunct. Genetic studies
have shown that fisher populations in California have been
historically isolated from those in Washington, and fishers in
the southern Sierra Nevada have been isolated from those in
the Klamath region (Tucker et al. 2012). Fishers in Montana
contain unique haplotypes (DNA variations that tend to be
inherited together) not found elsewhere (Schwartz 2007,
Vinkey et al. 2006) and therefore were apparently isolated
both from large populations in northern British Columbia
and from coastal populations in Washington. Common attri-
butes for resting sites across eight studies of western fishers
were steep slopes, cool microclimates, dense forest canopy
cover, high volume of logs, and prevalence of large trees
and snags (Aubry et al. 2013). Although these features are
important for managing fisher habitat, they do not necessar-
ily explain the fragmented historical distribution in the West
(Tucker et al. 2012).

Fishers have long been thought to have specific climatic
associations. Krohn et al. (1995) compared fisher and
marten (Martes americana) distributions in the Sierra
Nevada, and found that areas occupied predominantly by
marten were closely associated with forested areas with the
deepest snow (>9 inches per winter month), whereas areas
occupied predominantly by fishers were forested areas with
low monthly snowfall (<5 inches). There is direct evidence
that fishers avoid deep snowpack (Krohn et al. 1995, 2005;
Raine 1983) and that deep snow can limit fisher dispersal
(Carr et al. 2007). Fishers also avoid dry habitats (Jones and
Garton 1994; Schwartz et al. 2013).

Presence in warmer, wetter forests is apparently common
in distributions of fishers at both the macroscale and fine
scale in the western United States, although large popula-
tions in northern interior British Columbia and Alberta are
not associated with these specific climates. Therefore, defin-
ing fisher habitat in climatic terms and projecting future
habitat is more challenging than for animals with more obvi-
ous climatic associations (Copeland et al. 2010; McKelvey
et al. 2011).

In a recent modeling study of fisher habitat in an area
consistent with its distribution in the Northern Rockies,
Olson et al. (2014) built occurrence models for fisher popu-
lations in northern Idaho and western Montana that included
variables such as canopy cover, climatic variables such as
minimum winter temperature, and topographic variables
such as slope. They found that most of the variability in
the model was explained by mean annual precipitation (34
percent), topographic position index (29 percent), and mean
temperature of the coldest month (27 percent). Therefore,
fisher habitat was projected to be best in areas with high
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annual precipitation, low relief, and mid-range values for
mean temperature in the coldest month. Krohn et al. (1997)
and Olson et al. (2014) projected similar areas of fisher
habitat and in similar places.

Olson et al. (2014) used downscaled data from a single
GCM (Hadley Centre Coupled Model, version 3; Collins et
al. 2001) and two emissions scenarios (A2-high, B2-low;
IPCC 2007b), projecting habitat for 2030, 2060, and 2090.
At the macroscale, results for both scenarios are similar: In
the near term, habitat currently occupied by fishers might
improve, but by 2090, habitat in areas that are currently
occupied (primarily central Idaho) decline sharply, and
new habitat is created to the east in northwestern Montana.
The primary difference between the scenarios at this level
of detail is the rate at which changes occur. The change
is visibly apparent by 2060 in the A2 scenario, but not in
the B2 scenario. As habitat shifts, it becomes increasingly
fragmented, and the amount of usable habitat is strongly
affected by how acceptable minimum patch size is defined
(Olson et al. 2014).

Olson et al. (2014) bracketed the emissions scenarios,
providing some measure of the potential range of results,
but between-model variability exceeds variability between
emissions scenarios. In addition, the performance of specific
GCMs varies considerably at the regional scale (Mote and
Salathé 2010), and the Hadley family of GCMs is consid-
ered to be on the hot-dry side of climate projections for the
Northern Rockies region (Alder and Hostetler 2014). As
a result, details within the model can influence patterns of
projected habitat.

There are other uncertainties about the ability of habitat
components to track climate. Given that fishers are associ-
ated with mature forests, significant time lags may exist
between the loss of current habitat and formation of new
habitat in areas that currently are unsuitable. If large trees
cannot survive the shift in climate, mature forests may be-
come rare for many decades. In climatic zones suitable for
fishers, forests may be dominated by young trees and shrubs
whose suitability for fisher habitat is unknown. Therefore,
projections in Olson et al. (2014) are an optimistic view of
habitat availability under climate change, and it is uncertain
if fishers would disperse into new habitat should such
changes occur.

Moose

Unlike Canada lynx or snowshoe hares, not all species
with northern distributions have cold-weather related traits.
Some organisms with broad historical distributions are cur-
rently limited to northern distributions because of southern
extirpation, such as gray wolves (Canis lupus) and brown
bears (Ursus arctos). These species are not considered to
be strongly climate limited. Indirectly, cold climates lead
to low densities of human populations in boreal forests and
tundra, and interaction with large carnivores is therefore
minimal. Were climates to warm, and people to relocate into
these northern systems, this would obviously affect species
such as wolves and brown bears.
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For a second group of species, northern ranges are not
defined by human impacts, but direct and indirect climate
limits may not have been identified. Moose (4lces alces)
are an example of a well-studied animal that has a northern
distribution but whose dependence on boreal environments
is not immediately obvious. We suspect that other species
with northern distributions may exhibit similar constraints
that define the southern extents of their ranges.

A limited amount of climate change research has been
conducted on moose (Murray et al. 2006, 2012). Several fac-
tors have been identified as influencing the biogeographical
distribution of moose including food supply, climate, and
habitat. Based on metabolic research, moose are intolerant
of heat but well adapted to cold, and summer temperatures
may define their southerly distribution (Renecker and Hudson
1986). When winter temperatures were greater than 23 °F
or summer temperatures were greater than 57 °F, moose
showed an increase in metabolism and heart and respiration
rates (Renecker and Hudson 1986, 1990), reduced feed intake
(Belovsky and Jordan 1978; Renecker and Hudson 1986), and
reduced body weight (Renecker and Hudson 1986). When
ambient air temperatures exceeded 68 °F, moose resorted
to open-mouthed panting to regulate core body temperature
(Renecker and Hudson 1986). Heat stress was particularly
apparent in the spring when moose were still in their winter
coats (Schwartz and Renecker 1997).

However, moose may be able to avoid being exposed to
high midday summer temperatures. In Minnesota, Lenarz
et al. (2009) found that temperature was highly correlated
with moose survival, but winter temperature was more criti-
cal than summer heat. High temperatures in January were
inversely correlated with subsequent survival and explained
more than 78 percent of variability in spring, fall, and annu-
al survival. In northern Minnesota, moose populations were
not viable, largely because of disease- and parasite-related
mortality (Murray et al. 2006). In nearby southern Ontario,
however, moose populations were apparently viable with
favorable growth rates (Murray et al. 2012). Warming tem-
peratures favor white-tailed deer (Odocoileus virginianus)
expansion into moose range, and increased transmission
of deer parasites to moose (Lankester 2010). Given both
physiological and biological stressors, separating direct and
indirect climate effects is difficult (Murray et al. 2012).

Northern Bog Lemming

As the name implies, northern bog lemmings
(Synaptomys borealis) inhabit wet meadows, bogs, and
fens within several overstory habitat types (Foresman
2012). Generally these wetlands have extensive sphagnum
(Sphagnum spp.), willow (Salix spp.), or sedge components.
These mammals were likely to occupy places that retained
high water levels after the last glacial retreat (Foresman
2012). Given their dependence on wet habitats, it follows
that climate changes that decrease the amount of surface
water will probably have negative impacts on northern bog
lemmings. Management practices that maintain surface
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water may therefore be beneficial. However, documented
studies of climate and management effects are lacking.

Pronghorn

The pronghorn (4ntilocapra americana) is an ungulate
native to the prairies, shrublands, and deserts of the western
United States and occupying a broad range of climatic
conditions from southern Canada (Dirschl 1963) to Mexico
(Buechner 1950). Although pronghorns occupy a broad cli-
matic region and their diet is generalized, they are prone to
epizootic diseases, notably bluetongue (a viral disease trans-
mitted by midges [Culicoides spp.]) (Thorne et al. 1988).
Bluetongue is thought to be cold-weather limited, and recent
extensions of bluetongue in Europe have been attributed to
climatic warming (Purse et al. 2005). Given their current
range and food habits, the emergence of new disease threats
caused by a warmer climate probably poses the greatest risk
to pronghorns.

Pygmy Rabbit

The pygmy rabbit (Brachylagus idahoensis) is one of
the smallest leporids in the world and is endemic to big
sagebrush (Artemisia tridentata) (Katzner and Parker 1997),
which is critical for food and cover. In southeastern Idaho,
areas selected by pygmy rabbits had a significantly higher
woody cover and height than other areas, with lower quanti-
ties of grasses and higher quantities of forbs. Sagebrush was
eaten throughout the year, composing 51 percent of the diet
in summer and 99 percent in winter (Green and Flinders
1980). These findings are similar to those reported for south-
ern Wyoming (Katzner and Parker 1997) and Utah (Edgel
et al. 2014). In addition, areas used by pygmy rabbits ac-
cumulate more snow than unused areas, and rabbits use the
subnivean environment to reach food and avoid predators
(Katzner and Parker 1997). The presence of significant snow
for thermal protection may be important for winter survival,
because of small body size, lack of metabolic torpor, and
lack of food caching (Katzner and Parker 1997).

Structural characteristics of sagebrush are considered
more important than food availability for pygmy rabbits
(Green and Flinders 1980; Katzner and Parker 1997).
Although large, dense sagebrush would be expected to
be associated with older stands, Edgel et al. (2014) found
no difference in age between occupied and unoccupied
sites; structure was important, but age was not. As a result,
processes that reduce the size and density of sagebrush are
likely to have negative effects on pygmy rabbits, and pro-
cesses that fragment sagebrush stands may decrease habitat
quality. For example, Pierce et al. (2011) found that bur-
rows, observed rabbits, and fecal pellets decrease in density
with proximity (<300 feet) to edges.

Paleoecological studies show that both sagebrush and
pygmy rabbits are sensitive to climate change. Both species
decreased in the mid-Holocene, characterized in the Great
Basin by extreme aridity (Grayson 2000). Big sagebrush
is sensitive to fire, and 100 percent mortality and complete
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stand replacement after burning are common (Davies et

al. 2011; see Chapter 7). In addition, big sagebrush cannot
resprout from the root crown after a fire, so recruitment of
sagebrush relies on wind dispersal of seeds from adjacent
seed sources and on composition of the seedbank in the soil
(Allen et al. 2008; Ziegenhagen and Miller 2009). Mountain
big sagebrush (4. tridentata ssp. vaseyana) required 13 to
27 years after spring prescribed burning to return to condi-
tions suitable for pygmy rabbit habitat (Woods et al. 2013).
In areas where fire has been suppressed for many decades,
sagebrush habitat can be displaced by conifer incursion
(Miller and Rose 1999).

Pygmy rabbits are likely to be sensitive to climate change
for several reasons. First, they depend on a single species
(big sagebrush) and habitat condition (tall, dense stands).
Climatic variability has affected sagebrush communities and
pygmy rabbits in the past (Grayson 2000), and this could
happen again in the future. Second, pygmy rabbit habitat
is sensitive to altered disturbance. Increased fire frequency
and area burned are projected as the climate continues to
warm (see chapters 6, 7, and 8). Finally, changes in winter
snow depth could affect overwinter survival by altering the
protection provided by the subnivean environment.

Townsend'’s Big-Eared Bat

Climate change can affect foraging ability, drinking wa-
ter availability, and timing of hibernation in bats (Sherwin
et al. 2013). Townsend’s big-eared bats (Corynorhinus
townsendii) generally require cavern-like structures for
diurnal, maternal, and hibernation roosting, although they
also use large tree cavities, buildings, and bridges (Gruver
and Keinath 2003). They forage for insects along riparian
and forest edge habitats (Fellers and Pierson 2002). Their
distribution is apparently limited by the availability of suit-
able roosting sites, as western populations have declined
(O’Shea and Vaughan 1999) coincidental with mine closings
(Gruver and Keinath 2003). Townsend’s big-eared bats are
not able to produce highly concentrated urine (Geluso 1978)
and therefore require daily access to water sources for drink-
ing (Gruver and Keinath 2003). Constructed water holes and
mining ponds may serve as water sources (Geluso 1978);
metal contaminants in the latter may cause some bat mortal-
ity (Pierson et al. 1999).

Bioaccumulation of pesticides in fat tissue apparently
is one cause of declines in Townsend’s big-eared bat
populations (Clark 1988). Human activities that reduce
moth populations can also negatively affect bat populations
because moths are a primary food source of Townsend’s big-
eared bats (Burford and Lacki 1998; Whitaker et al. 1977).
Bats may be especially sensitive to human disturbance dur-
ing hibernation (Thomas 1995).

In Colorado, the reproductive success of bats of the
Mpyotis genus declined during warmer and drier conditions,
which are projected to be typical of future climatic condi-
tions (Adams 2010). However, in other instances, warmer
spring temperatures have led to earlier births, which pro-
motes juvenile survival (Lucan et al. 2013). Higher summer
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precipitation may reduce reproductive success (Lucan et al.
2013). Future warming may also reduce the effectiveness of
some bat echolocation calls (Luo et al. 2014).

Ungulates (Elk, Mule Deer, White-tailed Deer)

Rocky Mountain elk (Cervus canadensis), Rocky
Mountain mule deer (Odocoileus hemionus hemionus), and
white-tailed deer (O. virginianus) provide the core of big
game hunting in the Northern Rockies region. All three have
very broad ranges in North America. The current range for
elk, which includes most of the Rocky Mountain West, also
includes areas in the eastern and southwestern United States
that were historically occupied by other subspecies. Rocky
Mountain mule deer extend from the Yukon to northern
Arizona. White-tailed deer extend across most of North
America and into northern South America and include 38
recognized subspecies (De la Rosa-Reyna 2012).

Based on their broad ranges, it is clear that all three
species exhibit a high degree of flexibility toward habitat.
Habitat use by elk in forested areas is associated with edges
(Grover and Thompson 1986; Irwin and Peek 1983; Thomas
et al. 1979, 1988) in which areas containing high-quality
forage and areas with forest cover are in proximity. In open
habitats, they select areas of high vegetative diversity with
intermixed patches of shrubs and grasslands (Sawyer et al.
2007). Both patterns of habitat use are apparently maxi-
mized by a disturbance regime with spatial heterogeneity at
relatively fine scales.

A study of Rocky Mountain mule deer found that home
range size increased in areas with few large patches and
was smallest in fine-grained vegetation mosaics (Kie et al.
2002). Mule deer depend on disturbance to create forage
(e.g., Bergman et al. 2014), but the size and juxtaposition of
patches are important. Fine-grained disturbance mosaics are
apparently optimal for white-tailed deer, especially in areas
where thermal cover is important. In the Northern Rockies
region, thermal cover prevents heat loss during winter,
although in warmer climates, thermal cover reduces daytime
heating. In Texas, male white-tailed deer chose areas with
high cover and poor foraging opportunities during the mid-
day, but chose areas with higher forage quantities during
crepuscular and nocturnal periods (Wiemers et al. 2014).

Ungulates generally respond positively to disturbance
(fig. 9.5), but the types of disturbance and the resulting
landscape condition and species composition are equally
important. Just as wildfire intensity affects patchiness in the
postfire landscape, it also affects which plant species are
likely to revegetate burned areas. For example, Emery et al.
(2011) found that at lower temperatures several native plant
species exhibited enhanced germination, whereas nonnative
plant species did not. Vegetation growth after disturbance
is important where nonnative species are common. For
example, Bergman et al. (2014) found that treatments that
removed trees and controlled weeds produced better mule
deer habitat than treatments that removed only trees.

Climate change is expected to alter fire regimes, but for
ungulates the exact nature of those changes will be critical.

USDA Forest Service RMRS-GTR-374. 2018



CHAPTER 9:

For example, in the Greater Yellowstone Area subregion,
wildfires are infrequent, large, and intense. If climate change
causes more frequent fires (Westerling et al. 2011), then the
landscape will be patchier compared to the current condition,
and the distribution and abundance of forest species could
change. In the short term, novel fire-climate-vegetation
relationships can be expected. In the long term, the effects of
altered vegetation on ungulate populations are uncertain, but
it is unlikely that there will be highly negative consequences.

Wolverine

The wolverine (Gulo gulo) is the largest mustelid, oc-
curring throughout the Arctic, as well as subarctic areas and
boreal forests of western North America and Eurasia. At the
southern extent of its distribution in North America, popula-
tions occupy peninsular extensions of temperate montane
forests. Monitoring programs in Fennoscandia (Flagstad et
al. 2004) and surveys in Canada (Lofroth and Krebs 2007)
inform our understanding of wolverine occurrence in those
regions, but the limits of wolverine distribution in other por-
tions of its range are less understood.

Wolverines are often considered to be generalists with
respect to habitat, and their occurrence has been associated
with great distance from human development (Banci 1994;
May et al. 2006; Rowland et al. 2003). However, unlike
brown bear and gray wolf, whose northern distributions are
the result of recent human hunting and habitat alteration,
there is no historical evidence for wolverine presence in areas
not characterized by arctic or boreal conditions (Aubry et al.
2007). Fossil evidence is consistent with this understanding
(Alvarez-Lao and Garcia 2010), and wolverines apparently
have always been associated with cold northern climates.

Wolverines den in snow, and deep snow throughout
the denning period is thought to be essential (Magoun and
Copeland 1998). The strong, perhaps obligate, relationship
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Figure 9.5—Ungulates generally
respond favorably to
wildfires that create patchy
habitat, especially if forage
availability improves, as
shown in this photo of an
elk browsing adjacent to a
recently burned lodgepole
pine forest (photo: Jeff Henry,
National Park Service).

between wolverine den selection and deep snow in the late
spring has been reinforced by recent study results (Copeland
et al. 2010; Dawson et al. 2010; Inman et al. 2012). A proxy
for spring snowpack (areas where snow persisted through
mid-May) effectively describes den site selection, current
range limits, and year-round habitat use at the southern pe-
riphery of the wolverine range (Copeland et al. 2010). These
areas are associated with successful dispersal (Schwartz et
al. 2009) and historical range (Aubry et al. 2007). Although
not all biological aspects of this association are understood,
its universal nature in both space and time indicate that snow
persistence will be associated with future distributions as
well. The association applies to populations in Alaska, Idaho,
and Scandinavia, and it describes both historical and con-
temporary distributions. Wolverines apparently travel within
these areas when dispersing and strongly minimize travel
through low elevation habitat, so we can project both current
and future travel routes based on altered snowpack.
McKelvey et al. (2011) modeled future spring snowpack
within the Columbia, Upper Missouri, and Colorado River
basins, and projected changes in habitat and connectivity as-
sociated with future landscapes based on existing wolverine
habitat relationships (Copeland et al. 2010) and dispersal
preferences (Schwartz et al. 2009). A projection derived
from an ensemble mean of 10 GCMs under an intermediate
emissions scenario (A1B) (Mote and Salathé 2010) was used
to produce climate projections (Elsner et al. 2010; Littell et
al. 2011). Historical data across the area were reconstructed
following methods in Hamlet and Lettenmaier (2005), and
changes from historical patterns were modeled by using the
“delta” method of downscaling, resulting in regionally aver-
aged temperature and precipitation change for 2030-2059
and 2070-2099. Downscaled climate data were used as inputs
to the Variable Infiltration Capacity (VIC) model (Hamlet
and Lettenmaier 2005; Liang et al. 1994), which was used to
project snowpack. Historical modeled snowpack depth was
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fit to most closely match the persistent snow cover data from
Copeland et al. (2010), and this fit was then used to identify
areas of future habitat for wolverines.

In the Columbia and Upper Missouri River basins, where
most of the Northern Rockies region is located, snowpack
projection indicated a loss of 35 and 24 percent, respectively,
for spring snow by the mid-21st century, and 66 and 51
percent, respectively, by the end of the century. Central
Idaho was projected to lose nearly all snow by the end of the
century, whereas northern Montana, the southern Bitterroot
Mountains, and the Greater Yellowstone Area retained sig-
nificant spring snow (McKelvey et al. 2011). The ensemble
mean model output was similar to results associated with the
Parallel Climate Model (a cool extreme; U.S. Department of
Energy and National Science Foundation 2004), but at the
warm extreme, little spring snow was retained at the end of
the century. A connectivity model (Schwartz et al. 2009) in
conjunction with ensemble climate model projections indi-
cated that all remaining habitat would be genetically isolated
by the end of the 215 century (McKelvey et al. 2011).

The threshold between rain and snow causes estimates
of snowpack loss to differ greatly between GCMs because
timing of moisture and the temperature when it occurs affect
model performance. Cool models (e.g., Goddard Institute for
Space Studies model E; Schmidt et al. 2006) indicate increas-
es in January snowpack at high elevation (e.g., Yellowstone
Plateau, Colorado) through the mid-21% century, whereas
warmer models (e.g., Model for Interdisciplinary Research on
Climate; Watanabe et al. 2011) show large losses in snowpack
across all regions (Alder and Hostetler 2014). All models,
including the coolest and wettest, indicate a continuing reduc-
tion in spring snow, a pattern that has been ongoing since at
least the 1950s (Mote et al. 2005).

Birds

Brewer’s Sparrow

Brewer’s sparrow (Spizella breweri) is apparently a
sagebrush obligate during the nesting period when nest
occupancy is positively related to tall, dense stands of sage-
brush (Petersen and Best 1985; Reynolds 1981) (fig. 9.6).

In areas where other sagebrush-obligate species exist (e.g.,
sage thrasher [Oreoscoptes montanus)), these sparrows may
compete for nest locations (Reynolds 1981). In many areas,
however, Brewer’s sparrow is the most abundant bird species
(Norvell et al. 2014). Some consider the closely related tim-
berline sparrow (S. breweri taverneri) to be a separate species
(i.e., S. taverneri) or subspecies but, in any case, no genetic
mixing occurs between the alpine and sagebrush variants
(Klicka et al. 1999).

Reasons for the obligate relationship of Brewer’s spar-
row with sagebrush are obscure. Although this relationship
appears to be robust, especially patterns of nest occupancy
(Petersen and Best 1985), evidence for why Brewer’s spar-
row nests in sagebrush rather than in other brush species is
lacking. Therefore, we rely on correlative associations to
project climate change effects and cannot speculate as to the
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flexibility of this species to shift to alternative shrub species
should sagebrush become scarce.

Brewer’s sparrow populations appear to be reasonably
stable range-wide, although they have been in decline in
some areas in Colorado (USGS 2013). Although Brewer’s
sparrow selects for areas with tall, dense sagebrush, sparrow
abundance was unaffected by treatments designed to modify
sagebrush cover and improve habitat for greater sage-grouse
(Norvell et al. 2014). Similarly, a study of the effects of
(nonnative) smooth brome (Bromus inermis) found that
nest success was higher in areas with brome establishment
(Ruehmann et al. 2011). In general, the effects of climate
change on Brewer’s sparrow will probably depend to a great
degree on changes in the distribution, abundance, composi-
tion, and structure of sagebrush communities. Increased
wildfire is likely to reduce the distribution, abundance, and
age of sagebrush stands in a warmer climate. Within sage-
brush communities, Brewer’s sparrows do exhibit flexibility
in response to nest predation, shifting locations of sequential
nests in response to previous predation (Chalfoun and Martin
2010).

Flammulated Owl/

The flammulated owl (Otus flammeolus) is a nocturnal
owl, approximately 6 inches long with a 14-inch wingspan.
It is migratory but breeds in montane areas across much
of western North America, ranging from southern British
Columbia to central Mexico (Ridgely et al. 2003). It is a cav-
ity nester, associated with mature forests with large diameter

Figure 9.6—Because climate change is expected to reduce
the extent of mature sagebrush through increased wildfire,
sagebrush-obligate species such as Brewer’s sparrow
(shown here) and greater sage-grouse may have less nesting
habitat in the future (photo: Tom Koerner, U.S. Fish and
Wildlife Service).

USDA Forest Service RMRS-GTR-374. 2018
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trees. It is also associated with open forests, but does not
appear to be specific to any particular tree species. In New
Mexico, it is found in pinyon pine (Pinus edulis) (McCallum
and Gehlbach 1988), ponderosa pine (P. ponderosa) (Bull et
al. 1990; Linkhart et al. 1998), and Douglas-fir (Powers et al.
1996; Scholer et al. 2014) forest. In the Sierra Nevada, it has
been associated with (from low to high elevation) black oak
(Quercus kelloggii), mixed-conifer, Jeffrey pine (P, jeffreyi),
white fir (4bies concolor), and red fir (4. magnifica) forest
(Stanek et al. 2011).

Flammulated owls are thought to be obligate secondary
cavity nesters, although it has been anecdotally observed to
nest in the ground (Smucker and Marks 2013). Flammulated
owls feed almost exclusively on insects, primarily
Lepidoptera, which they gather from trees, on the ground,
or in flight (Linkhart et al. 1998). During the nesting period,
males are single-trip, central-place foragers, so the energetics
of prey selection are important; distance traveled and energy
content of prey differ by forest type. Little information is
available on the diet of flammulated owls and their relation-
ships to forest habitat. Interactions with other owl species are
apparently minimal (Hayward and Garton 1988).

The extensive latitudinal range of flammulated owls, lack
of specific forest associations, and generalized insect diet
indicate that straightforward links to specific climatic regimes
are unlikely. If climate change is to affect flammulated owls,
then it will most likely be through disturbance processes that
remove large diameter trees. Shifts to denser forest structure
would be problematic for this species, but there is little evi-
dence that this would occur, because drought and wildfire are
projected to increase throughout the Northern Rockies (Alder
and Hostetler 2014). As with other long-lived owl species
(Linkhart and Reynolds 2004), flammulated owl populations
will be very sensitive to adult survival (Noon and Biles 1990).

Greater Sage-Grouse

Greater sage-grouse (Centrocercus urophasianus) is the
largest grouse in North America (Mezquida et al. 2006). It is
considered an obligate with sagebrush (Miller and Eddleman
2001). Its distribution is currently about half of its presettle-
ment range (Schroeder et al. 2004), and many populations
have been steadily declining in recent decades (Braun 1998;
Connelly and Braun 1997; Connelly et al. 2004). In some
areas, land conversion that eliminated sagebrush apparently
has caused the declines (Connelly et al. 2004; Miller and
Eddleman 2001). Extirpation of sage-grouse is more likely in
areas with high human population densities, land conversion
to cropland, severe droughts (Aldridge et al. 2008), sagebrush
displacement by conifers, and corvid predation. It is also
more likely in areas with less than 25 percent sagebrush cover
near the edge of the historical range.

Declines in sage-grouse have also occurred in areas still
dominated by sagebrush (Miller and Eddleman 2001). In
addition to reduced sagebrush cover, declines have been at-
tributed to nonnative plants (Connelly et al. 2004; Knick et al.
2003; Wisdom et al. 2002), energy exploration and extraction
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(Braun et al. 2002; Doherty et al. 2008; Holloran et al. 2005;
Lyon and Anderson 2003; Walker et al. 2007a), grazing (Beck
and Mitchell 2000; Hayes and Holl 2003), altered fire regimes
(Connelly et al. 2000, 2004), and a warmer climate (Neilson
et al. 2005). In recent years, West Nile virus has also been
implicated (Naugle et al. 2004, 2005; Walker et al. 2007b).

Assessing the effects of climate change on this species
is challenging because so many factors potentially affect
sage-grouse population dynamics. Nevertheless, Schrag et
al. (2011) produced a detailed climate change assessment for
greater sage-grouse that evaluated changes in distribution
of sagebrush and transmission of West Nile virus. They first
built bioclimatic models for sagebrush distribution, then mod-
eled West Nile spread based on temperature thresholds. They
used six GCMs and one emissions scenario (A1B), and GCM
output was statistically downscaled to 7.5-mile pixels. Both
the envelope model and temperature thresholds were pro-
jected to 2030 based on the downscaled GCM output. Results
varied greatly across models, but it was concluded that the
cumulative effects of projected climate change on both sage-
brush and West Nile virus transmission would reduce suitable
sage-grouse habitat in the Northern Rockies and northern
Great Plains (Schrag et al. 2011). Sage-grouse require large
areas of mature sagebrush, so future increases in wildfires are
expected to significantly reduce habitat.

Creutzburg et al. (2015) evaluated the likely trajectory
of greater sage-grouse habitat in southeastern Oregon. They
simulated the effects of climate change, disturbance, and
cheatgrass (Bromus tectorum) invasion by coupling a linked
dynamic global vegetation model, climate envelope model,
and state-and-transition simulation model, based on three
climate models chosen to cover a range of possible futures. In
the near term, loss of sagebrush from wildfire and cheatgrass
invasion leads to habitat deterioration. In all three climate
projections, however, native shrub-steppe communities
increased circa 2070, leading to habitat improvement. In this
simulation, all projected climate futures had better long-range
prospects for sage-grouse than was simulated based on cur-
rent climate.

Harlequin Duck

Harlequin ducks (Histrionicus histrionicus) in the
Intermountain West breed and summer on fast-flowing
mountain streams and winter on rocky coastal areas
(Robertson and Goudie 2015). In Grand Teton National
Park, breeding pairs used streams with dense shrubs along
the banks (Wallen 1987). During summer they feed primar-
ily on larval insects on stream bottoms and in winter on a
variety of small food items including snails, small crabs,
barnacles, and fish roe (Robertson and Goudie 2015). They
are relatively rare in Montana, with a concentration in Upper
McDonald Creek in Glacier National Park (Reichel 1996).
Climate change may alter the timing, duration, and levels of
streamflows. In Glacier National Park, harlequin duck re-
productive success declined with higher and less predictable
streamflows (Hansen 2014).
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Mountain Quail

The mountain quail (Oreortyx pictus) is a small ground-
dwelling bird that occupies upland forest and woodland
habitats in the western United States and northern Mexico
(Brennan et al. 1987). In the Pacific Northwest, its range
extends into deep canyons such as Hells Canyon of the
Snake River (Pope and Crawford 2004), where populations
of the species have been declining. Population augmentation
through translocation is common. Population studies have fo-
cused on survival, but connections to climate-related change
are minimal. Stephenson et al. (2011) found that climate-
related variables were important to survival, with lower
survival being linked both to hot, dry conditions and to cold
winter weather. Seasonal movements to avoid snowpack led
to increased rates of movement, which were also important
predictors of survival.

Pygmy Nuthatch

The pygmy nuthatch (Sitta pygmaea), a bird about 4
inches long, is found throughout montane coniferous forests
in western North America and as far south as central Mexico
(MCcEllin 1979; Ridgely et al. 2003). It is a cavity nester,
often associated with ponderosa pine forests (McEllin
1979) but also found in other forest types such as quaking
aspen (Populus tremuloides) (Li and Martin 1991). Pygmy
nuthatches can exhibit a social structure of cooperative
breeding in which “helpers” aid breeding birds by feeding
the incubating female, feeding nestlings and fledglings, and
defending nesting territory (Sydeman et al. 1988).

Pygmy nuthatches nest in cavities in both live and dead
trees, as observed at a study site in Arizona (Li and Martin
1991), and population responses to disturbance are modest.
For example, Hurteau et al. (2008) found that population
densities across a variety of thinning and fuels treatments
at a study site in Arizona remained constant except in thin-
and-burn treatments, where densities increased by more than
500 percent. In a study of the interior western United States,
Saab et al. (2007) found that nuthatches showed a negative
response to fire the first year after wildfire, but a neutral
response in subsequent years. Due to their apparent neutral
response to disturbance, coupled with flexibility in habitat
and wide latitudinal range, it is difficult to project whether
they will respond positively or negatively to climate change.
Extirpation of the pygmy nuthatch due to climate change
appears unlikely, other than from the effects of land-use
conversion from forest to nonforest.

Ruffed Grouse

Ruffed grouse (Bonasa umbellus) are characterized by a
boreal distribution that includes peninsular extensions into
the Rocky Mountains and Appalachian Mountains (USGS
2014). Throughout much of their range, ruffed grouse oc-
cupy quaking aspen (Populus tremuloides) forest (Kubisiak
1985; Stauffer and Peterson 1985; Svoboda and Gullion
1972), which provides important food sources (Jakubas and
Gullion 1991). Although ruffed grouse exist in forests that
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contain no aspen (e.g., oak-dominated forest) (Haulton et al.
2003), they are mostly limited to aspen habitats in many ar-
eas of the West (e.g., Mehls et al. 2014). Ruffed grouse were
identified as a species of concern in the Northern Rockies in
the context of aspen-dominated forest, so we focus here on
the use of aspen by ruffed grouse.

In central Wisconsin, ruffed grouse densities were high-
est in young (<25 years) aspen stands (Kubisiak 1985).
Similarly, ruffed grouse preferred stand structures charac-
teristic of early successional stages in Idaho (Stauffer and
Peterson 1985) but also use aspen stands of all ages (Mehls
et al. 2014). Thus, optimal grouse habitat consists of aspen
forests with stands in a variety of age classes, including a
large component of young stands.

Aspen may be sensitive to heat and drought in some
locations (Anderegg et al. 2013; Huang and Anderegg
2011). Although higher temperatures are expected to cause
increased stress in aspen, differences in forest structure and
age affect the relationship between aspen mortality and
drought (Bell et al. 2014), and mortality can be reduced by
controlling stand densities and ages and limiting competi-
tion from conifers. If climate change causes decreased
extent of aspen in the Northern Rockies region, reduced
habitat would have detrimental effects on ruffed grouse
populations. However, significant options exist to mitigate
these changes through silviculture that favors aspen over
conifers and through active manipulation of stand densities
and ages.

Amphibians
Columbia Spotted Frog

The Columbia spotted frog (Rana luteiventris) breeds in
montane ponds throughout western North America (Green
et al. 1996, 1997) (fig. 9.7). Funk et al. (2008) built a
phylogeny for this species based on samples across western
North America. Populations separated into three distinct
clades; within the Northern Rockies region, all samples
were associated with the northern clade and were fairly
closely related. The effects of climate change on Columbia
spotted frogs are unclear. In Utah, the frog was more likely
to occur in persistent, shady ponds that maintained constant
temperatures (Welch and MacMahon 2005). In Yellowstone
National Park, pond desiccation led to sharp declines in frog
populations (McMenamina et al. 2008).Throughout their
range, populations in large stable water bodies were doing
well, whereas those in smaller more ephemeral ponds were
subject to rapid declines (Hossack et al. 2013). In Montana,
warmer winters were associated with improved reproduction
and survival of Columbia spotted frogs (McCaffrey and
Maxell 2010). This species does not appear to be sensitive
to stand-replacing fires (Hossack and Corn 2007).

Columbia spotted frog populations are stable in areas
with stable water supplies, and are capable of rapid popula-
tion expansion into restored wetlands (Hossack et al. 2013).
However, the amphibian chytrid fungus (Batrachochytrium
dendrobatidis, hereafter referred to as Bd), is prevalent in
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many populations (Pearl et al. 2009; Russell et al. 2010) and
warming waters would, in most systems, favor Bd (see dis-
cussion on western toad). Although the fungus is common,
the population effects of infection are unclear.

Western Toad

Western toads (Anaxyrus boreas) are montane amphib-
ians broadly distributed across the western United States
(Muths et al. 2008); in the southern Rocky Mountains, the
subspecies boreal toad (4. b. boreas) is recognized. The
western toad has suffered apparently widespread declines,
particularly at the southern extent of its range (Corn et al.
2005), a phenomenon well documented in Colorado (Carey
1993). This species suffers from amphibian chytrid fungus,
which is often fatal. Laboratory studies of Bd have found
that it grows optimally at 63 to 77 °F, and colonies are killed
at 86 °F (Piotrowski et al. 2004). Although Bd can grow
in temperatures as cold as 39 °F, warming waters would
increase its prevalence.

In a study across Colorado, Wyoming, and Montana,
Bd was consistently found in western toad tissues, and was
more prevalent in warmer, lower elevation sites (Muths
et al. 2008). A warmer climate may allow Bd to spread to
higher elevations and become even more widespread. But
there is some question about how susceptible the western
toad is to the effects of Bd because increased mortality is
not always associated with high infection rates. Recent
studies indicate that the skin of the toad contains bacterial
colonies that inhibit Bd (Park et al. 2014).

Figure 9.7—Warmer air temperature and less snowpack are
expected to decrease the presence of shallow water during
the summer, reducing habitat for the Columbia spotted
frog (shown here) and western toad. Higher air and water
temperatures may also increase infections from amphibian
chytrid fungus (photo by Roger Myers, Alaska Department
of Fish and Game).

USDA Forest Service RMRS-GTR-374. 2018
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Assessing Subregional
Differences in Vulnerability

When considering how climate change would affect
wildlife populations in their subregion, Northern Rockies
Adaptation Partnership (NRAP) workshop participants tended
to think in terms of pathways through which climate could
exert an influence (fig. 9.1, black text and arrows). These
pathways can interact with each other, and with population
characteristics (fig. 9.1, blue text and arrows) to produce
an effect on the population of interest (fig. 9.1, red text).
However, a given pathway influences multiple species, and
multiple pathways influence a given species. Following is a
summary of the subregional workshop discussions.

Upper temperature thresholds for moose were discussed
for the Greater Yellowstone Area (GYA) subregion. This was
the only species and subregion with a discussion of direct
physiological sensitivities to climate. However, it was noted
in all subregions that there is a general lack of understand-
ing of direct physiological sensitivities to climate for most
wildlife species. Even when these sensitivities have been
measured (e.g., the lower thermoneutral limits for wolverines
[e.g., Iversen 1972]), however, it is unclear how this labora-
tory-derived knowledge can be interpreted in the context of
habitat use and demographic performance.

Position within a species’ niche can influence population
vulnerability. Some species are at the climatic limits of their
range in particular subregions. Exposure to climate change in
these places is likely to have a strong effect on the ability of
a species to persist, whereas the same amount of change in
the center of its range probably would have less effect. The
Western Rockies and Central Rockies subregions are at the
junction of maritime and continental climates, and many spe-
cies are at the edges of their ranges. For example, participants
in the Central Rockies workshop discussed how future climate
change is expected to increase habitat suitability for the fisher,
such that this species may expand its range into the subregion.

Some species had different habitat associations in differ-
ent subregions. For example, in the GYA, ruffed grouse was
linked to aspen habitat but was associated with a broader
range of habitats in the Central Rockies subregion. Therefore,
ruffed grouse was seen as more sensitive to climate effects on
aspen in the GYA than in the Central Rockies.

The importance of previous habitat loss, potentially caused
by recent warming, differed across the subregions. In the
Eastern Rockies subregion, extensive lodgepole pine (Pinus
contorta var. latifolia) mortality has been caused by mountain
pine beetle (Dendroctonus ponderosae); amplified pine beetle
outbreaks are probably the result of warmer winters (Bentz et
al. 2010). Cavity nesting birds were thought to be more sensi-
tive to potential future habitat loss because they have already
lost a substantial portion of their habitat. Prior habitat loss
was not discussed in the other subregions.

Another pathway for habitat loss discussed in the Central
Rockies workshop was an increase in invasive species. For
example, flammulated owls feed on insects that depend on
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understory plant composition, and that composition could
be altered by increased abundance of invasive plants such as
cheatgrass.

Negative effects on wildlife populations from an increase
in disease occurrence and transmission caused by climate
change (e.g., West Nile virus) were discussed in three of the
five subregions. Participants also noted that relatively little
is known about disease ecology and the future potential for
disease to affect wildlife populations.

Connectivity was a primary concern in four of the five
subregions. Participants considered different scales of con-
nectivity to be important: the ability for individuals to move
through the landscape to meet their daily needs, the ability to
complete seasonal migrations, and the ability to track poten-
tially shifting habitat. Numerous indirect influences on each
of those scales of connectivity were discussed.

Indirect pathways that increase vulnerability to climate
change can also arise when a changing climate influences
landscape configurations such that species are then more at
risk from other stressors. Participants discussed the need to
understand how potential shifts in residential development
(e.g., into riparian habitats) in the GYA and Central Rockies
subregions could affect wildlife. Changing demands for
energy sources and the influence of energy development on
wildlife habitat were discussed in the Central Rockies and
Grassland subregions.

Another source of variation within the Northern Rockies
region was the importance of multiple collaborative ef-
forts focused on conservation issues in the Central Rockies
subregion. USFS participants stated that these collaboratives
increased their range of achievable management tactics.

There were differences in the amount of climate change
expected (exposure), the response of individuals and popula-
tions to that change (sensitivity), and the ability of organisms
and organizations to adapt to that change (adaptive capacity)
across Northern Rockies subregions. However, participants
agreed on the lack of understanding about mechanisms of cli-
mate influence. Identifying and contrasting the importance of
pathways of climate influence across subregions can suggest
potential mechanisms of climate influence. Hypotheses can be
developed to account for these mechanisms, and management
actions can be monitored to test those hypotheses. Based on
the results of those tests, decisions can be made to continue
with management actions, or develop new actions or hypoth-
eses, creating an adaptive monitoring program (Lindenmayer
and Likens 2009) and increasing knowledge of the needs and
climate sensitivities of species (table 9.1). Sensitivities listed
in tables 9.2 through 9.9 provide a starting point for identify-
ing potential hypotheses.

Adapting Wildlife Management
to the Effects of Climate Change

Adaptation to climate change for wildlife resources in
NRAP subregions was focused on maintaining adequate
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habitat and healthy wildlife populations, and increasing
knowledge of the needs and climate sensitivities of species.
Workshop participants identified the major habitats in their
subregion and then developed adaptation strategies for spe-
cies they regarded as important and for which they believed
viable management options exist. For example, participants
in the GYA workshop discussed climate sensitivities of
American pika, but decided not to work through adaptation
options because they did not see how management efforts
could influence pika population viability. Participants tended
to address species or habitats that had not been covered in
prior workshops, even if some were important in their subre-
gion. Adaptation options are summarized according to major
habitats (tables 9.2 through 9.7), which can then be associated
with individual species (table 9.1).

Riparian habitats are important across the Northern
Rockies region. The primary strategy for improving riparian
habitat resilience is maintaining healthy American beaver
populations (table 9.2). Beaver complexes can buffer riparian
systems against both low and high streamflows, and provide
habitat structure and foraging opportunities for multiple
species. Nonriparian wetlands were discussed as important
habitats, but no adaptation strategies were developed.

Quaking aspen habitats are common in the four western
subregions and occur occasionally in the Grassland subre-
gion. Aspen was identified as important because of its high
productivity, role in structural diversity, and habitat for cavity
nesting birds. In the GYA, ruffed grouse were identified as
strongly tied to aspen habitats. Reduction in the distribution
and abundance of aspen is projected for some locations
(especially lower elevation) in a warmer climate (see Chapter
6). The most common tactics for promoting aspen resilience
were allowing wildfire or using prescribed fire in older aspen
stands, providing protection from grazing, and reducing coni-
fer encroachment in any age stand (table 9.3).

Dry ponderosa pine forests are common in the Central
Rockies and Eastern Rockies subregions and provide habi-
tat for cavity nesting birds such as the flammulated owl.
Douglas-fir has encroached on these habitats as a result of
fire exclusion, increasing vulnerability of pine to future fires.
Tactics for promoting ponderosa pine resilience included
reducing competition from Douglas-fir through understory
burning and cutting, protecting mature stands, and planting
ponderosa pine where it has been lost (table 9.4).

The Western Rockies and Central Rockies subregions
support older, mesic forests because they experience a
maritime climate influence (see Chapter 3). These forests,
which provide important habitat for fisher, may have younger
age classes (caused by increased disturbance; see Chapter 8)
and different species composition in a warmer climate (see
Chapter 6). Adaptation strategies included restoring historical
structure, conserving current structure, and promoting poten-
tial future mesic forest habitats (table 9.5).

Mountain sagebrush-grassland habitat occurs in all regions
except the Grassland. In the Western Rockies subregion,
mountain sagebrush-grassland habitats are unique in that
they have less of a sagebrush component, primarily occur in
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Table 9.1—Species included in the Northern Rockies Adaptation Partnership vulnerability assessment, including species

discussed at subregional workshops.

Western Greater

Habitat/Species Rockies Central Rockies Eastern Rockies Yellowstone Area  Grassland
Dry forest

Flammulated owl X

Pygmy nuthatch X X X
Riparian/wetland

American beaver X X X

Moose X

Northern bog lemming X
Townsend’s big-eared bat X X X

Harlequin duck X X

Columbia spotted frog X X

Western toad X X
Quaking aspen

Avian cavity nesters X X X

Ruffed grouse X
Sagebrush grasslands

Pronghorn X

Pygmy rabbit X

Brewer’s sparrow X

Greater sage-grouse X X
Mountain grasslands

Mountain quail X
Mesic old-growth forest

Fisher X X
Snow-dependent species

American pika X

Canada lynx X X
Wolverine X X

steep mountain canyons, and support populations of mountain
quail. Differences in aspect have a strong influence on climate
in these canyons. In a warmer climate, these habitats could
lose some of their forb component, making them vulnerable
to increased abundance of nonnative species (see Chapter 7).
Specific tactics for restoring historical habitat and maintaining
current habitat included managing fire, controlling nonnative
species, and restoring formerly cultivated lands (table 9.6).
Sagebrush habitats are common in the Eastern Rockies,
GYA, and Grassland subregions, supporting gallina-
ceous birds (greater sage-grouse, greater prairie chicken
[Tympanuchus cupido), sharp-tailed grouse [7. phasianel-
lus]), and pygmy rabbits, among other species. Tactics for
maintaining adequate sagebrush habitat included managing
fire, controlling nonnative species, preventing fragmentation,
and restoring degraded habitat (table 9.7). Current focus on
conservation of greater sage-grouse within sagebrush habitat
in the western United States will benefit from including a
climate-smart approach to management.

USDA Forest Service RMRS-GTR-374. 2018

Developing on-the-ground management tactics requires
understanding how climate change will influence species. In
all subregions, and independent of habitat association, partici-
pants identified the need for better understanding of species
requirements and the mechanisms of climate change impacts.
In addition, connectivity and the potential for increases in
disease were identified as important processes affecting mul-
tiple habitats and species in each subregion, although climate
sensitivities of diseases are not well understood. Accordingly,
several adaptation strategies were suggested to fill knowledge
gaps (table 9.8). There is wide agreement on the need to bet-
ter understand the mechanisms of climate sensitivities relative
to the life histories of individual species. Examples of tactics
to accomplish this objective include analyzing female Canada
lynx home ranges to determine the necessary distribution and
size of habitat patches, quantifying and monitoring pygmy
rabbit distribution, and understanding sagebrush succession
after fire. The influence of low snow years on wolverine
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Table 9.2—Adaptation options that address climate change effects on riparian habitat and associated wildlife species in the

Northern Rockies.

Sensitivity to climatic variability and change: Decreased streamflow reduces riparian vegetation, affecting food supply and

habitat structure for multiple species.

Adaptation strategy/approach: Improve riparian habitat by maintaining healthy beaver populations on the landscape.

Specific tactic - A

Tactic Inventory current and
potential habitat (include

multiple factors).

Where can tactics be
applied? (geographic)

Range-wide

Specific tactic - B

Restore riparian habitat
e.g. plant willows, manage grazers,
raise water level.

Suitable habitats range-wide

Specific tactic - C

Translocation, manage
trapping

Suitable habitats range-wide

Table 9.3—Adaptation options that address climate change effects on quaking aspen habitat and associated wildlife species in the

Northern Rockies.

Sensitivity to climatic variability and change: A warmer climate will lower water tables, leading to loss of quaking aspen.

Adaptation strategy/approach: Promote aspen resilience.

Specific tactic - A

Specific tactic - B

Specific tactic - C

Tactic Promote disturbance (fire, Protect from grazing (fencing, Reduce conifer competition
cutting) in older aspen stands. manage grazing). (fire, cutting) in any age aspen
stand.
Where can tactics be  Range-wide Range-wide Range-wide
applied? (geographic)
denning success is an example of a mechanistic relationship Acknowle dgments
with climate that needs more data.

Connectivity, although not tied to a particular habitat type,
is considered an important conservation strategy for most
species in all Northern Rockies subregions, although climate
influences on connectivity are uncertain. Several forms of
connectivity were identified: daily, seasonal, dispersal, and
range shift. Connectivity can be affected by changes in water
supply, habitat loss, habitat shifts, vegetation phenology
shifts, human population expansion and redistribution, and
snowpack dynamics. Specific tactics for increasing knowl-
edge that would enable the maintenance of connectivity
include monitoring connectivity with genetic, tracking, and
remote-sensing tools; identifying dispersal habitats; and iden-
tifying and removing or mitigating barriers to connectivity
(table 9.9).

Disease is also important in most subregions, not tied to a
particular habitat, and not well understood. Specific tactics for
addressing disease include monitoring the presence of white-
nose syndrome (caused by the fungus Pseudogymnoascus
destructans) in bat hibernacula (ongoing through collabora-
tion of the USFS, other agencies, and Northern Rocky
Mountain Grotto), monitoring disease trends in moose and
bighorn sheep, and coordinating with State agencies to moni-
tor West Nile virus.

More specific details on adaptation strategies and tactics
that address climate change effects on wildlife in each NRAP
subregion are in Appendix 9A.
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cal thinking regarding issues of wildlife and management
response to climate change was both important and greatly
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Beever, who assisted in writing the section on American
pika.
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Table 9.9—Adaptation options that address climate change effects on connectivity for wildlife populations in the Northern Rockies.

Sensitivity to climatic variability and change: Connectivity depends multiple factors, including water supply, habitat shifts,
vegetation phenology, snow pack dynamics, and human population expansion and redistribution.

Adaptation strategy/approach: Maintain connectivity.

Specific tactic - A

Tactic Monitor connectivity through
genetics, tracking, and remote
sensing.

Where can tactics be  Region-wide

applied? (geographic)

Specific tactic - B

Compile table of known
connectivity vulnerabilities by
species.

Region-wide

Specific tactic - C

Identify and remove barriers.

Region-wide
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Alvarez-Lao, D.J.; Garcia N. 2010. Chronological distribution of
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Peninsula. Quaternary International. 212: 120-128.

Anderegg, W.R.L.; Plavcova, L.; Anderegg, L.D.L.; [et al.]. 2013.
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risk. Global Change Biology. 19: 1188-1196.
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71:2147-2158.
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Appendix 9A—Adaptation Options for Wildlife in the
Northern Rockies.

The following tables describe climate change sensitivities and adaptation strategies and tactics for wildlife, developed in
a series of workshops as a part of the Northern Rockies Adaptation Partnership. Tables are organized by subregion within
the Northern Rockies. See Chapter 9 for summary tables and discussion of adaptation options for wildlife.
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Chapter 10: Effects of Climate Change on
Recreation in the Northern Rockies Region

Michael S. Hand and Megan Lawson

Introduction

Outdoor recreation is an important benefit provided by
Federally managed and other public lands throughout the
Rocky Mountains. National forests in the Forest Service,
U.S. Department of Agriculture (USFS) Northern Region
and Greater Yellowstone Area (a region hereafter called
the Northern Rockies region) have an estimated 13.3 mil-
lion visits per year; Yellowstone, Grand Teton, and Glacier
National Parks account for another 8 million visits per
year. National forests and national parks provide recreation
opportunities at sites that offer a wide variety of character-
istics. Recreation on public lands in the Northern Rockies
region is inseparable from ecosystems and natural features.
Whether visitors ski, hike, hunt, or camp, explore developed
sites or the backcountry, or simply drive through a park or
forest, natural and ecological conditions in large part deter-
mine their overall recreation experience.

Climatic conditions and environmental characteris-
tics that depend on climate are key factors that determine
the availability of and demand for different recreation
opportunities (Shaw and Loomis 2008). Changing cli-
matic conditions may alter the supply of and demand for
recreation opportunities, resulting in changes in visitation
patterns and the benefits derived from recreation in the
future. Climate change is projected to increase outdoor
recreation participation in general (Bowker et al. 2014).
Benefits provided by recreation are expected to increase un-
der climate change scenarios because anticipated increases
in summer and warm-weather activities will outweigh losses
in winter activities (Loomis and Crespi 2004; Mendelsohn
and Markowski 2004).

Public lands managers will face a complex task of man-
aging recreation opportunities under changing recreational
preferences and ecological conditions. Investments in infra-
structure, the provision and maintenance of facilities, and
decisions about recreation development are important inputs
that determine recreational setting and the type of recre-
ational opportunities available to visitors. These inputs can
be classified by using the Recreation Opportunity Spectrum,
which has been used for decades by public lands manag-
ers for planning and allocation of recreation opportunities
(Clark and Stankey 1979). Recreation visitation behavior
and values can be mapped to the Recreation Opportunity
Spectrum, providing managers with information about the
tradeoffs associated with different types of investments and
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development (Rosenthal and Walsh 1986; Swanson and
Loomis 1996). A changing climate may alter types of recre-
ation experiences desired and the opportunities that can be
provided by public lands.

Although broad trends in recreation participation under
climate change scenarios may be borne out at the regional
scale, little is known about how recreation in the Northern
Rockies region will change. This chapter describes the
broad categories of recreation activities that may be sensi-
tive to climate-related changes in the region, and assesses
the likely effects of projected climate changes on recreation
participation.

Relationships Between Climate
Change and Recreation

The supply of and demand for recreation opportunities
are sensitive to climate through (1) a direct effect of changes
in temperature and precipitation on the availability and qual-
ity of recreation sites, and (2) an indirect effect of climate
on the characteristics and ecological condition of recreation
sites (Loomis and Crespi 2004; Mendelsohn and Markowski
2004; Shaw and Loomis 2008) (fig. 10.1).

Direct effects of changes in temperature and precipita-
tion patterns are likely to affect most outdoor recreation
activities in some way. Direct effects are important for
skiing and other snow-based winter activities that depend on
seasonal temperatures and the amount, timing, and phase of
precipitation (Englin and Moeltner 2004; Irland et al. 2001;
Stratus Consulting 2009). Warm-weather activities are also
sensitive to direct effects of climate change. Increases in
minimum temperatures have been associated with increased
national park visits in Canada, particularly during nonpeak
“shoulder” seasons (Scott et al. 2007). The number of
projected warm weather days is positively associated with
expected visitation for a national park in the United States,
although visitation is expected to be lower under extreme-
heat scenarios (Bowker et al. 2012; Richardson and Loomis
2004). Temperature and precipitation may also directly af-
fect the comfort and enjoyment that participants derive from
engaging in an activity on a given day (Mendelsohn and
Markowski 2004).

Indirect climate effects tend to be important for rec-
reation activities that depend on additional ecosystem
inputs, such as wildlife, vegetation, and surface water.
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Figure 10.1—Direct and indirect effects of climate on recreation decisions.

Cold-water fishing is expected to decline in the future

due to climate effects on temperature and streamflow that
threaten cold-water fish species habitat (Jones et al. 2013)
(see Chapter 5). Surface water area and streamflows are
important for water-based recreation (e.g., boating), and
forested area affects several outdoor activities (e.g., camp-
ing and hiking) (Loomis and Crespi 2004). Recreation
visits to sites with highly valued natural characteristics,
such as glaciers or popular wildlife species (see chapters 4
and 9) or scenic and aesthetic qualities, may be reduced in
some future climate scenarios if the quality of those char-
acteristics is threatened (Scott et al. 2007). The indirect
climate effect on disturbances, and wildfire in particular
(see Chapter 8), may also play a role in recreation behav-
ior, although the effect may be diverse and vary over time
(Englin et al. 2001).
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Identifying Climate-Sensitive
Outdoor Recreation Activities

People participate in a wide variety of outdoor recreation
activities in the Northern Rockies region. The National
Visitor Use Monitoring (NVUM) survey, conducted by the
USEFS to monitor recreation visitation and activity on na-
tional forests, identifies 27 different recreation activities in
which visitors may participate. These include a wide variety
of activities and ways that people enjoy and use national
forests and other public lands.

The NVUM surveys roughly one-quarter of forest units
in each region every year, and each unit is surveyed again
every 5 years. For this analysis, we used the latest survey
data available for each forest. Sample years for the units
included in this analysis are as follows: 2008—Bridger-Teton,
Custer, Helena; 2009—Gallatin, Idaho Panhandle, Shoshone;
2010—Beaverhead-Deerlodge, Caribou-Targhee, Flathead;
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2011—Clearwater, Lolo, Nez Perce; 2012—Bitterroot,
Kootenai, Lewis and Clark. Visitors are sampled by using a
stratified random sampling technique designed for assessing
use on national forests. Sampling sites are stratified according
to type of recreation site and times of day and week. Visitors
are asked about different categories of trip-related spending in-
curred within 50 miles of the site where they are interviewed.
Interviewees are selected at random, and interviewers conduct
as many surveys as possible (English et al. 2001).

All outdoor recreation activities depend to some degree,
directly or indirectly, on climatic conditions or environmental
conditions that are determined by climate. For example,
skiing opportunities depend on the availability of areas with
snow-covered terrain, which is determined by patterns of tem-
perature and precipitation as snow. As climate change affects
seasonal trends in temperature and precipitation, the availabil-
ity of certain skiing sites may change in the future.

To assess how recreation patterns may change in the
Northern Rockies region, categories of outdoor recreation
activities that may be sensitive to climate changes were identi-
fied (fig. 10.2). For this assessment, a recreation activity was
considered sensitive to climate change if changes in climate
or environmental conditions that depend on climate would be
an important factor affecting the demand for or supply of that
recreation activity within the study area. However, there is no
hard rule by which activities satisfy this requirement, and other
types of activities not explicitly covered in this chapter may be
affected by climate changes.

The 27 recreation activities identified in the NVUM survey
were grouped into 5 climate-sensitive categories of activities,
plus an “Other” category of activities that are less sensitive to
climate changes. Each category includes activities likely to be
affected by changes in climate and environmental conditions
in similar ways. Table 10.1 lists the activities in the climate-
sensitive categories and summarizes their sensitivity to climate
changes. The categories were developed to capture the most
common types of recreation that people engage in on public
lands in the Northern Rockies region that would be affected by

Water-based
activities, not
Incl. fishing, 0.7 _

Gathering forest _
products, 2.4

Source: USDA FS (n.d.)

Figure 10.2—Percent of total national forest visits by climate-
sensitive primary activity.
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climate changes. Seventeen activities were identified as sensi-
tive to climate changes.

These 17 activities account for the primary recreation
activities for 83 percent of visits to national forests in the study
area. Activities in the “Other” category were judged to be less
sensitive to climate changes and tend to be less frequently
listed as a primary recreation activity in the Northern Rockies
region. Although participation in many of these activities may
be linked to climate in some way, other factors are likely to
be more important determinants of participation (for example,
maintenance of infrastructure for visiting interpretive sites).
Warm-weather activities are the most popular, and include
hiking/walking, viewing natural features, developed and
primitive camping, bicycling, backpacking, horseback riding,
picnicking, and other nonmotorized uses. These were the
main activity for 35.9 percent of national forest visitors (4.8
million visitors per year) (table 10.1). Of these, hiking/walking
was the most popular, and is the primary reason for a visit
for 16.9 percent of visitors (2.2 million people). Snow-based
winter activities are also a large draw, and include downhill
skiing, snowmobiling, and cross-country skiing. They were
the primary activity for 25.0 percent of all visitors (3.3 million
people). Wildlife-related activities, including hunting, fishing,
and viewing wildlife, were the primary activity for 18.5 per-
cent of visitors (2.5 million people). Of these, hunting was the
most popular with 11 percent of visitors (1.5 million people).
Gathering forest products such as berries and mushrooms
was the primary activity for 2.4 percent of visitors (300,000
people). Motorized and nonmotorized water activities (other
than fishing) attracted 0.7 percent of visitors (97,000 people)
(table 10.1).

Non-local visitors—those who report a home ZIP code that
is more than 30 miles from the forest boundary—spend $601
million (in 2014 dollars) per year within 50 miles of the forest
boundaries. Note that some nonlocal respondents may have
second homes near the forest boundary that would qualify
as local had they reported the ZIP code associated with the
second home (Stynes and White 2005). Table 10.2 summarizes
expenditures by visitors to national forests in the Northern
Rockies region. We focus on spending by nonlocal visitors
because their expenditures in local communities would not
have occurred otherwise. Lodging expenses account for nearly
31 percent of total expenditures, followed by restaurants (18
percent), gas and oil (17 percent), and groceries (12 percent).
The remaining expenditure categories of other transportation,
activities, admissions and fees, and souvenirs represent 21
percent of all spending.

Climate Change Vulnerability
Assessment

The overall effect of climate change on recreation activ-
ity is likely to be an increase in participation and increase in

the benefits derived from recreation. This is due primarily to
warmer temperatures and increased season length appropriate

USDA Forest Service RMRS-GTR-374. 2018
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Table 10.1—Participation in different recreational activities in national forests in the Northern Region and Greater Yellowstone

Area.
National Forest visitors who
participated in this activity as
Activity Relationship to climate and environmental conditions their main activity?
Percent of total
NF visits Number
Warm-weather activities Participation typically occurs during warm weather; 35.9 4,770,616
Hiking/walking dependent on j[he availability of.snow- and ice-free sites, 16.9 2,248,171
o dry weather with moderate daytime temperatures, and
Viewing natural features 6 availability of sites where air quality is not impaired 8.6 1,136,245
Developed camping by smoke from wildfires. 2.8 375,174
Bicycling 22 286,707
Other non-motorized 2.0 265,476
Horseback riding 1.3 168,175
Picnicking 1.2 164,638
Primitive camping 0.6 74,876
Backpacking 0.4 51,154
Winter activities Participation depends on the timing and amount of 25.0 3,318,426
Downhill skiing precipitation as snow and cold temperatures to support 12.8 1695621
o consistent snow coverage. Inherently sensitive to climate T
Snowmobiling variability and inter-annual weather patterns. 6.4 843,778
Cross-country skiing 5.9 779,027
Wildlife activities Wildlife availability is a significant input for these 18.5 2,452,053
Hunting activities. Temperature and precipitation are related 113 1.503.520
o to habitat suitability through effects on vegetation, e
Fishing productivity of food sources, species interactions, and 5.3 708,589
Viewing wildlife water quantity and temperature (for aquatic species).
Disturbances (wildland fire, invasive species, insect and 18 240,944
disease outbreaks) may affect amount, distribution, and ’ !
spatial heterogeneity of suitable habitat.
Gathering forest products  Depends on availability and abundance of target
species (e.g., berries, mushrooms), which are related to
patterns of temperature, precipitation, and snowpack. 24 313.475
Disturbances may alter availability and productivity ‘ ’
of target species in current locations and affect
opportunities for species dispersal.
Water-based activities, not  Participation requires sufficient water flows (in streams
including fishing and rivers) or levels (in lakes and reservoirs). Typically
considered a warm-weather activity, and depends on 0.7 96,643

moderate temperatures and snow- and ice-free sites.

Some participants may seek water-based activities as a
heat refuge during periods of extreme heat.

@ Source: USDA FS (n.d.). Total estimated National Forest visits is 13,273,685. Percentage calculations are based on the percent of total visits

accounted for by each activity and category.

for warm-weather activities, outweighing decreased winter
activities that depend on snow and consistently cold tempera-
tures (Mendelsohn and Markowski 2004). However, these
general findings mask potential variation in the effects of cli-
mate on recreation between types of activities and geographic
locations (boxes 10.1, 10.2).

This section assesses the likely effects of climate on major

climate-sensitive recreation activities in the region (table 10.3).

Two sources of information are used to develop assessments

USDA Forest Service RMRS-GTR-374. 2018

for each category of recreation activity. First, reviews of exist-
ing studies of climate change effects on recreation and studies
of how recreation behavior responds to climate-sensitive
ecological characteristics are used to draw inferences about
likely changes for each activity category. Second, projections
of ecological changes specific to the Northern Rockies region,
as detailed in the other chapters of this volume, are paired with
the recreation literature to link expected responses of recre-
ation behavior to specific expected climate effects.
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Table 10.2—Total annual expenditures by non-local and local visitors to Northern Rockies and Greater Yellowstone

Area national forests, by spending category.

Non-local spending2?

Local spending

Total annual

Spending category expenditures

Spending for
each category

Total annual
expenditures

Spending for
each category

Thousands of $ (2014) % Thousands of $ (2014) %
Lodging 185,355 31 14,743 6
Restaurant 109,743 18 29,618 13
Groceries 74,003 12 44 886 19
Gasoline, oil 104,319 17 78,880 34
Other transportation 3,013 1 1,059
Activities 36,376 6 14,195
Admissions, fees 39,482 7 19,103 8
Souvenirs 48,839 8 28,075 12
Total 601,128 230,562

a Non-local refers to trips that required traveling more than 50 miles.
b Source: USDA FS (n.d.).

Current Conditions and Existing Stressors

Public lands in the Northern Rockies region provide
an abundance and variety of recreational options, offer-
ing opportunities for people of all interests and abilities.
Opportunities range from high-use developed sites near
urban areas and popular tourist destinations, to vast areas
of remote wilderness and seldom used sites off the beaten
path. The facilities and services available also exhibit a
wide range of conditions and characteristics. Some sites are
developed with modern amenities and staffed by agency em-
ployees or volunteers. Others may exhibit scant evidence of
human influence other than a trailhead.

Current conditions reflect wide variation in intra-annual
and interannual (within and between years) weather and
ecological conditions. Temperature, precipitation, water
flows and levels, wildlife distributions, vegetative condi-
tions, and wildfire activity may vary widely. Recreationists
are most likely already accustomed to some degree to mak-
ing decisions with a significant degree of uncertainty about
conditions at the time of participation.

Several existing challenges and stressors affect recreation
in the Northern Rockies region. Increased population,
particularly in proximity to public lands, can strain visi-
tor services and facilities due to increased use; projected
population increases in the future may exacerbate these ef-
fects (Bowker et al. 2012). Increased use due to population
growth can also reduce site quality because of congestion at
the most popular sites (Yen and Adamowicz 1994). Changes
in land use may alter access to public lands, fragmentation
of landscapes and habitat, and disturbance regimes that
relate to recreation activities.

The physical condition of recreation sites and natural
resources is constantly changing due to human and natural
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forces. Recreation sites and physical assets need mainte-
nance, and deferred or neglected maintenance may increase
congestion at other sites that are less affected or increase
hazards for visitors who continue to use degraded sites.
Unmanaged recreation can create hazards and contribute

to natural resource degradation (USDA FS 2010). This
stressor may interact with others, such as population growth
and maintenance needs, if degraded site quality or conges-
tion encourages users to engage in recreation that is not
supported or appropriate at certain sites or at certain times
of the year. Natural hazards and disturbances may create
challenges for the provision of recreation opportunities. For
example, wildfire affects recreation demand (due to site
quality and characteristics), but may also damage physical
assets or exacerbate other natural hazards such as erosion
(see chapters 4 and 12).

Current Management

Recreation is an important component of public land
management in the Northern Rockies region. For lands man-
aged by the USFS, sustainable recreation serves as a guiding
principle for planning and management purposes (USDA
FS 2010, 2012b). Recreation is included with other major
multiple uses of national forests, such as timber products and
livestock grazing. Sustainable recreation seeks to sustain and
expand the benefits to the United States that quality recre-
ation opportunities provide (USDA FS 2010). At the heart of
this principle is the desire to manage recreational resources
to increasingly connect people with natural resources and
cultural heritage, and adapt to changing social needs and
environmental conditions. Recreation managers aim to pro-
vide diverse recreation opportunities that span the recreation

USDA Forest Service RMRS-GTR-374. 2018



CHAPTER 10: EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

Box 10.1—Subregional Assessment of Climate Change Effects on Recreation

The broad links between climate, ecological changes, and recreation behavior that form the basis of the activity
category assessments are designed to be generally applicable to all locations in the Northern Rockies region. However,
in a region that encompasses parts of five States and stretches hundreds of miles from east to west, significant
subregional heterogeneity in climate effects may exist. The five Northern Rockies Adaptation Partnership (NRAP)
subregions (Western Rockies, Central Rockies, Eastern Rockies, Greater Yellowstone Area [GYA], Grassland)
represent a wide variety of geographic and ecological features, and each has distinctive recreation opportunities that
may be sensitive to climate changes. Assessing differences between the subregions can yield more geographically
specific information about the effects of climate on recreation.

Table 10.B1 summarizes national forest visits by primary activity category for each subregion. Warm-weather activities
are the most common category for all subregions, but there are significant differences in the relative importance of
each activity category. Snow-based recreation is relatively more important in the Central Rockies, Eastern Rockies,
and GYA subregions, where there are multiple sites with consistently viable snow seasons and developed ski areas.

In contrast, much less snow-based recreation (as a share of total visits) occurs in the Western Rockies and Grassland
subregions. Wildlife recreation activities (hunting, fishing, wildlife viewing) are most important in the Western Rockies
and Grassland, although the Central Rockies, Eastern Rockies, and GYA see a significant minority of visitors engaging
in these activities. Forest product gathering and water-based (not fishing) activities represent a small share of visits in
all subregions, but the Grassland subregion sees almost no visitation for these activities.

The differences in activity participation also suggest that climate will have different effects on recreation in each
subregion. The largest differences in activity participation are for snow-based activities; these activities are also the
most likely to have negative impacts due to warming temperatures and decreased precipitation as snow. The Grassland
subregion and to a lesser extent the Western Rockies have relatively low exposure to this effect because snow-based
recreation is less prominent. The Central Rockies, Eastern Rockies, and GYA have higher participation in snow-

based activities that could be exposed to climate change, although it is unclear to what extent snow-based sites will
experience changes that degrade conditions for snow-based activities.

Other differences between subregions are likely to depend on differences in climate effects between subregions. For
example, one subregion could experience warming that increases the incidence of extreme heat days, which has a
negative impact on warm-weather recreation, whereas another subregion might experience warming that extends the
warm-weather season without a significant increase in the incidence of extreme heat days.

Table 10.B1—National Forest visits by NRAP subregion and activity category.

Subregion®
Greater
Western Central Eastern Yellowstone
Activity category Rockies Rockies Rockies Grassland Area
Percent of annual visitors reporting main activity

Warm-weather activitiesP:© 36.7 36.9 33.3 60.8 36.2
Snow-based winter activities 7.4 26.0 27.2 1.6 31.3
Wildlife activities 233 19.6 18.8 30.5 15.1
Forest product gathering 6.5 1.9 2.1 0.0 1.1
Water-based activities, not including 0.5 0.8 1.6 0.2 0.1

fishing

@ To estimate activity participation, subregions are defined by groups of national forests: Western Rockies (Idaho Panhandle,
Kootenai, Nez Perce-Clearwater), Central Rockies (Bitterroot, Flathead, Lolo), Eastern Rockies (Beaverhead-Deerlodge, Custer,
Gallatin, Helena, Lewis and Clark), Grassland (Dakota Prairie Grasslands), Greater Yellowstone Area (Bridger-Teton, Caribou-
Targhee, Shoshone). Geospatial definitions of the subregions include parts of several forests divided between two subregions—
for example, parts of Custer, Beaverhead-Deerlodge, and Gallatin National Forests are divided between the Eastern Rockies
and Greater Yellowstone Area subregions, but tabulated as part of the Eastern Rockies subregion; these forests are also
summarized in table 10.B2 separately from the other Greater Yellowstone Area forests.

b Source: USDA FS (n.d.).

¢ Percentages do not sum to 100 because not all visitors report activities, and not all activities are included in climate-sensitive
categories (e.g., nature center activities, visiting historic sites).
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Box 10.2—Climate Change in the Greater Yellowstone Area and Glacier National Park

The Greater Yellowstone Area (GYA) provides a wide range of recreation opportunities. The GYA is composed of two
national parks (Yellowstone, Grand Teton), parts of six national forests (Beaverhead-Deerlodge, Bridger-Teton, Caribou-
Targhee, Custer, Gallatin, Shoshone), and other Federally administered protected areas (John D. Rockefeller Memorial
Parkway, National Elk Refuge, Red Rock Lakes National Wildlife Reserve). These areas offer the full spectrum of
recreation opportunities, from developed and urban settings to wilderness and primitive sites. Glacier National Park,
which straddles the Western and Eastern Rockies subregions in northwestern Montana, also provides a broad range of
recreation opportunities comparable to those in the GYA.

Recreation visitation to Federal units within the GYA and Glacier National Park is summarized in table 10.B2.
Yellowstone National Park and Grand Teton National Park receive an annual average of 3.4 million and 2.6 million
visitors, respectively. For both parks, two of the most common activities were viewing wildlife and viewing scenery and
natural features. Most Yellowstone visitors also indicated that they engaged in developed camping, walking or hiking,
and visiting museums and visitor centers. Grand Teton visitors indicated pleasure driving and walking or hiking as
common activities (NPS 2006). Wildlife viewing is also an important activity for visitors to the Red Rock Lakes National
Wildlife Refuge and the National Elk Refuge, although these sites receive only a fraction of the visitors compared with
the national parks (NPS 2006). Sightseeing is the dominant activity for the 2.1 million annual visitors in Glacier National
Park.

Table 10.B2—Recreation visits to Greater Yellowstone Area units and Glacier National Park.

Unit Total annual visits Most frequent activity Year
Yellowstone National Park?P 3,390,000 Viewing wildlife 2010-2014 annual average
(93% of visitors)
Grand Teton National 2,650,000 Viewing scenery 2010-2014 annual average
Parka.b (88% of visitors)
Red Rock Lakes National 12,000 Viewing wildlife 2014
Wildlife Reserve® (45% of visitors)
National Elk Refuge?®d 900,000 Viewing wildlife 2008, 2004
(53% of visitors)
Gallatin National Forest® 2,010,000 Hiking/walking 2009
(29% of visitors)
Beaverhead-Deerlodge 583,000 Hunting 2010
National Forest® (32% of visitors)
Caribou-Targhee National 1,850,000 Hiking/walking 2010
Forest® (18% of visitors)
Shoshone National Forest® 646,000 Viewing natural 2009
features
(25% of visitors)
Bridger-Teton National 2,180,000 Downbhill skiing 2008
Forest® (31% of visitors)
Custer National Forest® 314,000 Downbhill skiing 2008
(26% of visitors)
Glacier National Parkbf 2,149,000 Sightseeing 2010-2014 annual average
(97% of visitors) 1990 (visitor activities)

a Source: NPS (2006).

b Source: NPS (2014).

€ Source: USDI (2014).

d Source: Sexton et al. (2012).

€ Source: USDA FS (n.d.); most frequent activity is the reported main activity (visitors may engage in other secondary or tertiary
activities).

f Source: Littlejohn (1991).

Note: Visitor data are not available for John D. Rockefeller Parkway.
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Box 10.2—Continued.

National forests in the GYA receive a combined 7.6 million visitors annually. The most popular activity for visitors varies
across forests. In the Gallatin and Caribou-Targhee National Forests, hiking and walking are the most popular activities,
whereas downhill skiing is the most popular activity in Bridger-Teton and Custer National Forests. In Beaverhead-
Deerlodge National Forest, hunting is the most popular activity (32 percent of visitors) and in Shoshone National Forest,
viewing natural features is the most popular activity (25 percent of visitors).

Most of the general assessment of climate change effects on recreation in the Northern Rockies applies to the GYA and
Glacier National Park, although the different activity profile means that exposure to the effects of climate change differs
in this subregion. Visitation is dominated by warm-weather visits; 80 percent of visits to Yellowstone and Grand Teton
National Parks are during the June—September period. An additional 11 percent of visits occur during the “shoulder”
season months of May and October. Warmer temperatures are expected to increase warm-weather recreation; earlier-

EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

forage opportunities, and disturbances (see Chapter 9).

on visitation or wildfire occurrence (Duffield et al. 2013).

and later-season periods of snow- and ice-free sites in the parks may encourage additional off-peak visitation. Some
visitors may also substitute early- or late-season visits to avoid extreme summer heat. However, seasonal shifts in
visitation may be constrained by summer vacation months determined by academic calendars.

Changes in the distribution and abundance of wildlife may affect recreation visitation and enjoyment for the large
number of Yellowstone and Grand Teton visitors who engage in wildlife viewing. However, many climate-related
changes in target wildlife species are ambiguous because of complex interactions between species, vegetation and

Other popular activities, such as driving for pleasure on roads and viewing scenery and special features (e.g., geysers
and thermal features in Yellowstone, driving the Going-to-the-Sun Road in Glacier National Park), may be more or

less sensitive to climate changes. In some cases the qualities, characteristics, and features that draw visitors to

these activities have a limited connection to climate changes. However, features such as glaciers and snow-capped
mountains are a particular draw for some visitors, and visitation tied to such features is likely to be affected. Longer
warm-weather seasons will probably increase access to roads and sites inaccessible when snow and ice are present;
greater accessibility would have a positive effect on visitation. In addition, wildfire and other disturbances can affect
site access and the desirability of visiting fire-affected sites. For example, wildfires in Yellowstone National Park are
associated with decreased visitation in the subsequent month, but there does not appear to be a lasting negative effect

opportunity spectrum, from modern and developed to primi-
tive and undeveloped (Clark and Stankey 1979).

Warm-Weather Activities

Warm-weather activities as a category are the most com-
mon recreation activities in national forests and national
parks in the Northern Rockies region. Slightly more than
one-third of all visits involve one of these activities as the
primary activity of visitors. Warm-weather recreation is sen-
sitive to the length of appropriate season, depending on the
availability of snow- and ice-free trails and sites, and the tim-
ing and number of days with temperatures within the range
of comfortable temperatures (which may vary with activity
type and site). The number of warm-weather days has been
shown to be a significant predictor of visitation behavior
(Richardson and Loomis 2004), and studies of national park
visitation show that minimum temperature is a strong predic-
tor of monthly visitation patterns (Scott et al. 2007).

Participants are also sensitive to site quality and charac-
teristics, such as the presence and abundance of wildflowers,
condition of trails, and vegetation and cover (e.g., cover for
shade, wildfire effects). The condition of unique features
that are sensitive to climate changes, such as glaciers, may
affect the desirability of certain sites (Scott et al. 2007).
Forested area is positively associated with warm-weather
activities, such as camping, backpacking, hiking, and
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picnicking (Loomis and Crespi 2004), and is sensitive to
future climate changes (USDA FS 2012a).

Wildfire can also affect participation in warm-weather
activities through changes to site quality and characteristics
(fig. 10.3). Wildfires have a diverse and temporally nonlinear
effect on recreation (Englin et al. 2001). The presence of
recent wildfires has differential effects on the value of hiking
trips (positive) and mountain biking (negative), although
recent wildfire activity tends to decrease the number of
visits (Hesseln et al. 2003, 2004; Loomis et al. 2001). The
severity of fire may also matter; high-severity fires have
been associated with decreased recreation visitation, whereas
low-intensity fires are associated with slight increases in visi-
tation (Starbuck et al. 2006). Recent fires are associated with
initial losses of benefits for camping (Rausch et al. 2010) and
backcountry recreation activities (Englin et al. 1996); these
effects are attenuated over time. Visitation in Yellowstone
National Park tends to be lower following months with high
wildfire activity, although there is no discernable effect of
previous-year fires (Duffield et al. 2013).

Overall demand for warm-weather activities is expected
to increase due to a direct effect of climate change on season
length. Temperatures are expected to increase 5 to 12 °F
across the region by 2100 (see Chapter 3), which is expected
to result in earlier availability of snow- and ice-free sites
and an increase in the number of warm-weather days in
spring and fall. For example, higher minimum temperatures
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Figure 10.3—Expectations for extent and severity of wildfires
in a warmer climate will create forest conditions that may
be less desirable for hiking and other recreational activities
(photo courtesy of Dave Pahlas, http://ldahoAlpineZone.
com).

are associated with increased number of hiking days
(Bowker et al. 2012). More extreme summer temperatures
can dampen participation during the hottest weeks of the
year, and extreme heat scenarios for climate change are ex-
pected to reduce visitation (Richardson and Loomis 2004);
higher maximum summer temperatures are associated with
reduced participation in warm-weather activities (Bowker
et al. 2012). The temperature that is considered “extreme”
may vary between individuals and chosen activities. In
Bowker et al. (2012), a linear effect of maximum summer
temperature in the visitor’s home county was included in
participation models. Extreme heat may shift demand to
cooler weeks at the beginning or end of the warm-weather
season, or shift demand to alternative sites that are less ex-
posed to extreme temperatures (e.g., at higher elevations).

Indirect effects of climate change on forested area may
have a negative effect on warm-weather recreation if site
availability and quality (e.g., scenic and aesthetic attributes)
are compromised. However, the effect on warm-weather
recreation in the Northern Rockies region and its various
subregions will depend on local effects of climate on forest
resources.
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Potential increases in the likelihood of extreme wildfire
activity may reduce demand for warm-weather activities in
certain years because of degraded site desirability, impaired
air quality from smoke, and limited site access due to fire
management activities. The Northern Rockies region is
expected to experience increases in area burned by wildfire,
average fire size, and fire severity (see Chapter 8), which
tend to have a negative impact on recreation visitation and
benefits derived from recreation.

Adaptive capacity among recreationists is high because
of the large number of potential alternative sites, ability to
alter the timing of visits, and ability to alter capital invest-
ments (e.g., appropriate gear). However, benefits derived
from recreation may decrease even if substitute activities or
sites are available (Loomis and Crespi 2004). For example,
some alternative sites may involve higher costs of access
(because of remoteness or difficulty of terrain) or congestion
costs if demand is concentrated among fewer desirable sites.
In addition, visitors’ ability to alter seasonality of visits may
be limited because of the timing of scheduled academic
breaks. Although recreationists’ ability to substitute sites and
activities is well established, there is less understanding of
how people substitute across time periods or between large
geographic regions (e.g., choosing a site in the Northern
Rockies instead of the Southwest) (Shaw and Loomis 2008).
In some cases, unique features or strong individual attach-
ment to particular places may limit substitutability.

Projected climate scenarios are expected to result in
a moderate increase in warm-weather recreation activity
and benefits derived from these activities. Longer warm-
weather seasons are likely to increase the number of days
when warm-weather activities are viable and to increase
the number of sites available during shoulder seasons. The
effects of a longer season may be offset somewhat by nega-
tive effects on warm-weather activities during extreme heat
and increased wildfire activity. The likelihood of effects
on warm-weather recreation is high; the primary driver
of climate-related changes to warm-weather recreation is
through direct effects of temperature changes on the demand
for warm-weather recreation. Climate scenarios outlined
in Chapter 3 differ in the projected magnitude of warming,
but overall project warmer temperatures. Indirect effects on
recreation, primarily through wildfire effects, may be harder
to project with certainty and precision (particularly at a fine-
grained geospatial scale).

Cold-Weather Activities

The Northern Rockies region boasts many winter
recreation sites that in total exhibit a wide range of site
characteristics and attract local, national, and international
visitors. Several sites support developed downhill skiing
and snowboarding operated by special-use permit on lands
administered by the USFS. Sites for cross-country skiing,
snowshoeing, and snowmobiling tend to be maintained
directly by the USFS, although national parks also provide
access for these activities.
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Snow-based recreation is highly sensitive to variations
in temperature and the amount and timing of precipitation
as snow. Seasonal patterns of temperature and snowfall de-
termine the likelihood of a given site having a viable season
and the length of viable seasons (Scott et al. 2008). Lower
temperatures and the presence of new snow are associated
with increased demand for skiing and snowboarding (Englin
and Moeltner 2004). Indirect effects of climate, such as
changes in scenery and unique features (e.g., glaciers) may
also affect winter recreation, although these effects are
expected to be small relative to the effect of changes in
amount and timing of snowfall.

Climate change is expected to have a generally nega-
tive effect on snow-based winter activities, although a
wide range of effects at local scales is possible because of
variations across the region in site location and elevation.
Warmer projected winter temperatures for the region are
expected to reduce the proportion of precipitation as snow,
even if the total amount of precipitation does not deviate
significantly from historical norms (see Chapter 4). The
rain-snow transition zone (i.e., where precipitation is more
likely to be snow rather than rain for a given time of year)
is expected to move to higher elevations, particularly in late
fall and early spring (Klos et al. 2014). This effect places
lower elevation sites at risk of shorter or nonexistent winter
recreation seasons (fig. 10.4). However, the highest eleva-
tion areas in the region remain snow dominated for a longer
portion of the season in future climate scenarios.

Studies of the ski industry in North America uniformly
project negative effects of climate change (Scott and
McBoyle 2007). Overall warming is expected to reduce
expected season length and the likelihood of reliable winter
recreation seasons (Wobus et al. 2017). Climatic projections
for the Northern Rockies region (see Chapter 3) are consis-
tent with studies of the vulnerability of ski areas to climate
change in other regions, where projected effects of climate
change on skiing, snowboarding, and other snow-based
recreation activities are negative (Dawson et al. 2009; Scott
et al. 2008; Stratus Consulting 2009).

Snow-based recreationists have moderate capacity to
adapt to changing conditions given the relatively large
number of winter recreation sites in the region. For unde-
veloped or minimally developed site activities (for example,
cross-country skiing, backcountry skiing, snowmobiling,
snowshoeing), recreationists may seek higher elevation
sites with higher likelihoods of viable seasons. Although
developed downbhill skiing sites are fixed improvements,
potential adaptations include snowmaking, development
at higher elevations, and development of new runs (Scott
and McBoyle 2007). However, the ability of winter tourism
sector businesses to adapt probably varies considerably.
Warmer temperatures and increased precipitation as rain
may increase availability of water for snowmaking in the
near term during winter, but warmer temperatures may also
reduce the number of days per season when snowmaking is
viable.

USDA Forest Service RMRS-GTR-374. 2018
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Figure 10.4—Cross-country skiing at lower elevation
locations (shown here in the Beaverhead-Deerlodge
National Forest) may be vulnerable as snowpack decreases
in future decades (photo courtesy of U.S. Forest Service).

Changes in Northern Rockies sites relative to other
regions may also be important. If other regions experience
relatively large effects of climate on snow-based recreation,
recreationists may view Northern Rockies sites as a substi-
tute for sites in other regions (e.g., the Southwest), although
interregional substitution patterns for recreation activities
are poorly understood (Shaw and Loomis 2008). Further,
increased interregional substitution combined with shorter
seasons may result in concentrated demand at fewer sites on
fewer days, creating potential congestion effects.

The magnitude of climate effects on snow-based winter
activities is expected to be high. Warmer temperatures
are likely to shorten winter recreation seasons and reduce
the likelihood of viable seasons at lower elevation sites.
Developed sites may have limited ability to adapt to these
changes unless additional adjacent area is available and
feasible for expanded development. In comparison to other
regions, Northern Rockies winter recreation sites may see
fewer effects from climate change; interregional substitution
could mitigate losses in some years if participants from
other regions are more likely to visit Northern Rockies
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sites. The likelihood of effects is expected to be high for
snow-based recreation, although variation across sites is
possible because of differences in location and elevation.
Climate models generally project warming temperatures and
a higher-elevation rain-snow transition zone, which would
mean that additional sites would be left exposed to the risk
of shorter seasons.

Wildlife Activities

Wildlife recreation activities involve terrestrial or
aquatic animals as a primary component of the recreation
experience. Wildlife recreation can involve consumptive
(e.g., hunting) or nonconsumptive (e.g., wildlife viewing,
birding, catch-and-release fishing) activities. Distinct
from other types of recreation, wildlife activities depend
on the distribution, abundance, and population health of
desired target species. These factors influence activity
“catch rates,” that is, the likelihood of catching or seeing
an individual of the target species. Sites with higher catch
rates can reduce the costs associated with a wildlife activity
(e.g., time and effort tracking targets) and enhance overall
enjoyment of a recreation day for that activity (e.g., greater
number of views of highly valued species).

Participation in wildlife activities is sensitive primarily
to climate-related changes that affect expected catch rates.
Catch rates are important determinants of site selection
and trip frequency for hunting (Loomis 1995; Miller and
Hay 1981), substitution among hunting sites (Yen and
Adamowicz 1994), participation and site selection for
fishing (Morey et al. 2002), and participation in noncon-
sumptive wildlife recreation (Hay and McConnell 1979).
Changes to habitat, food sources, or streamflows and water
temperature (for aquatic species) may alter wildlife abun-
dance and distribution, which in turn influence expected
catch rates and wildlife recreation behavior.

Wildlife activities may also be sensitive to other direct
and indirect effects of climate change. The availability of
highly valued targets affects benefits derived from wildlife
activities (e.g., cutthroat trout [Oncorhynchus clarkii] for
cold-water anglers) (Pitts et al. 2012), as does species
diversity for hunting (Milon and Clemmons 1991) and
nonconsumptive activities (Hay and McConnell 1979).
Temperature and precipitation are related to general trends
in participation for multiple wildlife activities (Bowker
et al. 2012; Mendelsohn and Markowski 2004), although
the precise relationship may be specific to the activity or
species. Some activities such as big game hunting may be
enhanced by cold temperatures and snowfall at particular
times to aid in field dressing, packing out harvested ani-
mals, and tracking. Other activities may be sensitive to
direct climate effects similar to warm-weather activities, in
which moderate temperatures and snow- and ice-free sites
are desirable.

Warming temperatures projected for the Northern
Rockies region are expected to increase participation in ter-
restrial wildlife activities because of an increased number
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of days that are desirable for outdoor recreation. In general,
warmer temperatures are associated with greater participa-
tion in and number of days spent hunting, bird watching,
and viewing wildlife (Bowker et al. 2012). However, hunt-
ing that occurs during discrete seasons (e.g., elk and deer
hunting season dates managed by States) may depend on
weather conditions during a short period of time. The desir-
ability of hunting during established seasons may decline as
warmer weather persists later into the fall and early winter
and the likelihood of snow cover decreases, reducing har-
vest rates.

The effects of changes in habitat for target species
are likely to be ambiguous because of complex relation-
ships among species dynamics, vegetation, climate, and
disturbances (primarily wildfire and invasive species)

(see chapter 9), and are likely to be heterogeneous across
species and habitat types. Overall vegetative productivity
may decrease in the future, although this is likely to have a
neutral effect on game species populations, depending on
the size, composition, and spatial heterogeneity of forage
opportunities in the future (see Chapter 9). Similarly, the
effects of disturbances on target species harvest rates are
ambiguous because it is unknown exactly how habitat com-
position will change in the future.

Higher temperatures are likely to decrease populations
of native cold-water fish species as climate refugia retreat
to higher elevations (see Chapter 5). This change favors
populations of fish species that can tolerate warmer temper-
atures. However, it is unclear whether shifting populations
of species (e.g., substituting rainbow trout [O. mykiss]
for cutthroat trout) will affect catch rates because relative
abundance of fish may not necessarily change.

Total precipitation is not projected to change under
future climate scenarios (see Chapter 3), but increased
interannual variability in precipitation, the possibility of
extreme drought, and reduced snowpack could result in
higher peakflows in winter and lower low flows in summer,
creating stress for fish populations during different por-
tions of their life histories. The largest patches of habitat
for cold-water species will be at higher risk to shrink and
fragment. Increased incidence and severity of wildfire may
increase the likelihood of secondary erosion events that
degrade waterways and game species habitat. These effects
could degrade the quality of individual sites in a given year
or decrease the desirability of angling as a recreation activ-
ity relative to other activities.

The magnitude of climate effects on activities involv-
ing terrestrial wildlife is expected to be low overall for
terrestrial wildlife activities and moderate for fishing.
Ambiguous effects of vegetative change on terrestrial
wildlife populations and distribution suggest that conditions
may improve in some areas and decline in others. Overall
warming tends to increase participation, but may create
timing conflicts for activities with defined regulated sea-
sons (e.g., big game hunting) unless the timing of seasons
is changed. Anglers may experience moderate negative
effects of climate change on benefits derived from fishing.
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Opportunities for cold-water species fishing are likely to be
reduced as cold-water refugia retreat to higher elevations or
are eliminated in some areas. Cold-water species tend to be
the highest value targets, indicating that this habitat change
will decrease benefits enjoyed by anglers. Warm-water tol-
erant species may increasingly provide targets for anglers,
mitigating reduced benefits from fewer cold-water species.
Warmer temperatures and longer seasons encourage ad-
ditional participation, but indirect effects of climate on
streamflows and reservoir levels could reduce opportunities
in certain years. The likelihood of climate-related effects
on wildlife activities is expected to be moderate for both
terrestrial and aquatic wildlife activities. Uncertainties exist
about the magnitude and direction of indirect effects of cli-
mate on terrestrial habitat and the degree to which changes
in available target species affect participation.

Gathering Forest Products

Forest product gathering for recreational purposes ac-
counts for a relatively small portion of primary activities
during visits in the Northern Rockies region, although it
is relatively more common as a secondary activity. Forest
products are also important for cultural and spiritual uses,
which are discussed in Chapters 11 and 12. A small but
avid population of enthusiasts for certain types of products
supports a small but steady demand for gathering as a
recreational activity. Small-scale commercial gathering
probably competes with recreationists for popular and
high-value products such as huckleberries (Vaccinium
spp.), although resource constraints may not be binding at
current participation levels.

Forest product gathering is sensitive primarily to climat-
ic and vegetative conditions that support the distribution
and abundance of target species. Participation in forest
product gathering is akin to warm-weather recreation ac-
tivities because it also depends on moderate temperatures
and the accessibility of sites where products are typically
found. Vegetative change due to warming temperatures
and increased interannual variation in precipitation may
alter the geographic distribution and productivity of target
species (see chapters 6 and 7). Increased incidence and
severity of wildland fires may eliminate sources of forest
products in some locations (e.g., for berries), but in some
cases fires may enhance short- or medium-term produc-
tivity for other products (e.g., mushrooms). Long-term
changes in vegetation that reduces forest cover may reduce
viability of forest product gathering in areas that have a
high probability of vegetative transition to less productive
vegetation types.

Recreationists engaged in forest product gathering
may have the ability to select different gathering sites as
the distribution and abundance of target species change,
although these sites may increase the costs of gathering.
Those who engage in gathering as a secondary or tertiary
activity may choose alternate activities to complement
primary activities. Commercial products serve as an
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imperfect substitute for some forest products such as
Christmas trees.

The magnitude of climate effects on forest product
gathering is expected to be low. This activity is among the
less-common primary recreation activities in the region,
although it may be more often engaged in as a secondary
or tertiary activity. Longer warm-weather seasons may
expand opportunities for gathering in some locations,
although these seasonal changes may not correspond with
greater availability of target species. The likelihood of
effects is expected to be moderate, although significant
uncertainty exists regarding direct and indirect effects on
forest product gathering. Vegetative changes caused by
climate changes and disturbances may alter abundance and
distribution of target species, although the magnitude and
direction of these effects are unclear.

Water-Based Activities, not Including

Fishing

Separate from angling, water-based activities are a
small portion of primary recreation activity participation
on Federal lands. Upper reaches of streams and rivers are
generally not desirable for boating and floating. Lakes and
reservoirs provide opportunities for both motorized and
nonmotorized boating and swimming, although boating may
commonly be paired with fishing. Existing stressors include
the occurrence of drought conditions that reduce water
levels and site desirability in some years, and disturbances
that can alter water quality (e.g., erosion events following
wildland fires).

Even if total precipitation does not change significantly
under future climate scenarios (see Chapter 3), the availabil-
ity of suitable sites for non-angling, water-based recreation
is sensitive to reductions in water levels caused by warming
temperatures, increased variability in precipitation (includ-
ing the possibility of severe droughts), and decreased
precipitation as snow. Reduced water levels may also have
an indirect effect on the aesthetic qualities of some water-
based recreation sites (e.g., exposure of “bathtub rings” at
reservoirs with low water levels). Reductions in surface-
water area are associated with decreases in participation
in boating and swimming activities (Bowker et al. 2012;
Loomis and Crespi 2004; Mendelsohn and Markowski
2004), and streamflow is positively associated with number
of days spent rafting, canoeing, and kayaking (Loomis and
Crespi 2004). Demand for water-based recreation is also
sensitive to temperature. Warmer temperatures are generally
associated with higher participation in water-based activi-
ties (Loomis and Crespi 2004; Mendelsohn and Markowski
2004), although extreme heat may dampen participation for
some activities (Bowker et al. 2012).

Increasing temperatures, reduced storage of water as
snowpack, and increased variability of precipitation are
expected to increase the likelihood of reduced water levels
and greater variation in water levels in lakes and reservoirs
on Federal lands (see Chapter 4), which are associated with
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reduced site quality and suitability for certain activities
(fig. 10.5). Increased demand for surface water by down-
stream users may exacerbate water levels in drought years.
Warmer temperatures are expected to increase the demand
for water-based recreation as the viable season lengthens.
Extreme heat encourages some people to seek water-based
activities as a climate refuge, although extreme heat also
discourages participation in outdoor recreation in general
(Bowker et al. 2012). Overall, projections of water-based
activities in response to climate change tend to be small
compared to broad population and economic shifts (Bowker
etal. 2012).

Climate change is expected to have a moderate ef-
fect on water-based activities. Increasing temperatures
and longer warm-weather seasons are likely to increase
demand, although the incidence of extreme temperatures
may dampen this effect in certain years. A higher likeli-
hood of lower streamflows and reservoir levels and
potential reductions to site aesthetic quality may also
offset increased demand to some extent. Climate change
effects are expected to occur with moderate likelihood.
Climate model projections tend to agree on a range of
warming temperatures and longer seasons, although
changes in precipitation are uncertain. Changes in the
timing of snowmelt may increase the likelihood of
negative effects to water-based activities (through lower
summer flows and reservoir levels) that offset increases
due to warmer temperatures.

Summary

Several recreation activities are considered highly
sensitive to changes in climate and ecosystem charac-
teristics. However, recreation in the Northern Rockies
region is diverse, and the effects of climate are likely to
vary widely between different categories of activities
and across geographic areas within the region. Overall,
participation in climate-sensitive recreation activities
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Figure 10.5—Algal blooms, shown
here in Hayden Lake, Idaho,
may become more common
in a warmer climate. These
conditions are undesirable
for water-based recreation
and some fish species (photo
courtesy of Panhandle Health
District).

is expected to increase in the region, primarily because
longer warm-weather seasons will make more recreation
sites available for longer periods of time.

Increased participation in warm-weather activities is
likely to be offset somewhat by decreased snow-based
winter activities. Receding snow-dominated areas and
shorter seasons in the future are likely to reduce the
opportunities (in terms of available days and sites) for
winter recreation.

Beyond these general conclusions, the details of
changes in recreation patterns in response to climate
changes are complex. Recreation demand is governed
by several economic decisions with multiple interact-
ing dependencies on climate. For example, decisions
about whether to engage in winter recreation, activity
type (e.g., downhill or cross-country skiing), location,
frequency of participation, and duration of stay per trip
depend somewhat on climate and ecological character-
istics. On the supply side, site availability and quality
depend on climate, but the effect may differ greatly
from one location to another. Thus, climate effects on
recreation depend on spatial and temporal relationships
between sites, climate and ecological characteristics, and
human decisions.

Uncertainty derives from unknown effects of climate
on site quality and characteristics that are important
for some recreation decisions (e.g., indirect effects of
climate on vegetation, wildlife habitat, and species abun-
dance and distribution). The precise effect of climate
on target species or other quality characteristics may be
difficult to predict or diverse across the region, yet these
characteristics play a large role in recreation decisions
for some activities. Another source of uncertainty is how
people will adapt to changes when making recreation
decisions. Interregional and intertemporal substitution
behavior is not yet well understood (Shaw and Loomis
2008). This may be important for the Northern Rockies
region if in the future some sites exhibit relatively little
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effect from climate change compared with sites in other
regions. For example, winter recreation sites in the
Northern Rockies may experience shorter or lower qual-
ity seasons in the future but see increased demand if the
quality of sites in other regions becomes relatively worse
in the future.

Substitution is likely to be an important adaptation
mechanism for recreationists. Many recreation activities
that are popular in the region may have several alternate
sites, or timing of visits can be altered to respond to
climate changes. However, substitution may represent a
loss in benefits derived from recreation even if it appears
that participation changes little (Loomis and Crespi
2004); the new substitute site may be slightly more cost-
ly to access, or slightly lower quality than the preferred
visit prior to climate change. This represents a decrease
in benefits to the person engaging in recreation.

Adapting Recreation to the
Effects of Climate Change

Adapting recreation management to climate change in
the Northern Rockies region will be critical to ensure that
recreation opportunities exist in the future.

Adaptation by Recreation Participants

Increasing temperatures with changing climate will
have significant negative effects on snow-based recre-
ation. Length of the snow-based recreation season is
likely to decrease, and the quality of the snow during the
season may also decrease (be wetter).

Water-based recreationists may adapt to climate
change by choosing different sites that are less sus-
ceptible to changes in water levels (e.g., by seeking
higher-elevation natural lakes) and changing the type of
water-based recreation activity they engage in (e.g., from
motorized boating on reservoirs to nonmotorized boating
on natural lakes).

Hunters may need to adapt by altering the timing
and location of hunts. However, State rules on hunting
season dates impose a constraint on this behavior unless
States change hunting seasons based on expected climate
changes. Hunters may also target different species if the
abundance or distribution of preferred species changes in
the future.

Like hunters, wildlife viewers may change the timing
and location of viewing experiences and target different
species. Viewing is not typically governed by State-
regulated seasons, so wildlife viewers may have more
flexibility to shift timing to coincide with appropriate
weather conditions or the movement of species into ac-
cessible areas. However, adaptation options may be more
limited if the abundance or distribution of highly valued
species significantly decreases the likelihood of viewing,
and limited high-quality substitute species are available.
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Anglers may adapt by choosing different species
to target (for example, shifting from cold-water to
warm-water tolerant species) and choosing sites that are
relatively less affected by climate change (e.g., higher
elevation secondary-stem reaches of streams). The for-
mer is less costly than the latter, although some anglers
may place a high value on certain target species and have
a lower willingness to target warm-water species that
may thrive in place of cold-water species.

Adaptation by Public Land Managers

Managers may need to reconsider how infrastructure
investments and the provision and maintenance of
facilities align with changing ecological conditions
and demands for recreation settings. The Recreation
Opportunity Spectrum can be used to match changing
conditions and preferences to the allocation of available
recreation opportunities. Adaptation by managers may
take the form of responding to changing recreation pat-
terns, but also may involve helping to shape the settings
and experiences that are available to recreation users on
public lands in the future.

For winter recreation, a general adaptation strategy
may be a transition to recreation management that
addresses shorter winter recreation seasons and chang-
ing recreation use patterns (table 10.4). Specifically,
opportunities may exist to expand facilities where
concentrated use increases, and options for snow-based
recreation can be diversified to include more snowmak-
ing, additional ski lifts, and runs at higher elevations. In
some cases, however, adaptations related to the supply
and quality of winter recreation opportunities could
result in tradeoffs with other activities, such as warm-
weather access to undeveloped higher elevation sites or
effects of snowmaking on streamflow in winter versus
summer.

With higher temperatures and earlier snowmelt,
warm-weather activity seasons are likely to lengthen.
Recreation managers have options for responding to
changing patterns in warm-season recreation demand in
order to provide sustainable recreation opportunities. A
first step will be to conduct assessments to understand
the changing patterns of use (table 10.4). Then, adjust-
ments can be made to increase the capacity of recreation
sites that are showing increased use (e.g., campgrounds
can be enlarged, and more fences, signs, and gates
can be installed where necessary). The potential for
congestion and damage to resources due to increases
in use for some sites may, in part, drive such adjust-
ments. However, there may be some limits to increasing
the capacity of recreation sites (e.g., restrictions for
developed recreation sites under the U.S. Fish and
Wildlife Service [USFWS] Northern Continental Divide
Ecosystem Grizzly Bear Conservation Strategy; USFWS
2013). The timing of actions such as trail closures, food
storage orders, and special-use permits may also need to
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be adjusted within the context of providing sustainable
recreation. For example, the season for whitewater raft-
ing permits may need to be modified to adjust to shifts in
timing of peakflows (table 10.4).

Increased frequency of disturbances, such as fire and
flooding, is likely to cause increased damage to infra-
structure associated with multiple types of recreation
activities. Recreation sites can be managed to decrease
risks to public safety and infrastructure (table 10.4).
Assessments can be used to determine which sites and
infrastructure are most at risk from disturbance, and
strategic investments can be made in those facilities that
are expected to be viable in the future and accommodate
changing use patterns.

More-specific details on adaptation strategies and tac-
tics that address climate change effects on recreation in
each Northern Rockies Adaptation Partnership subregion
are in Appendix 10A.
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Appendix 10A—Adaptation Options for Recreation in the
Northern Rockies.

The following tables describe climate change sensitivities and adaptation strategies and tactics for recreation, developed
in a series of workshops as a part of the Northern Rockies Adaptation Partnership. Tables are organized by subregion within
the Northern Rockies. See Chapter 10 for summary tables and discussion of adaptation options for recreation.

USDA Forest Service RMRS-GTR-374. 2018 415



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10

S9INSO[D pUe SUOIIED0]a1 0} dUEBISISaL d1jgnd
!(Burpuny pue saoinosal) Ayoeded 1sa.0y :WOS

aAlsuadxa Ajajesapopy

9DIAISS dled [euOnEN S} Se yons ‘sajouade
J9UJ0 WOy urea| ‘swes) Juawssasse pidey

Spue| WalsAS 159104 [euoneN

wiia} JeaN

YysiH

‘(saunseaw

uonegdniw Jo/pue ‘Suiwre ‘ayedojas *8-9)
SUOISIDAUOD 10 sjuawyeal} aznond pue says
UOI1}BD1D3. O} DUBQINISIP JDYe S109)a AjIuap|

D - 21oe) di1Adg

UONBUIPIO0D
pue uoddns sauned [eulsixe :awog

aAIsuadxa Ajajesapopy

(spooy} a.1y-3sod
3uipn|oul) sjUsAS POOJ} PUB SJUIAS MOUS-UO
-UleJ SB 4YoNS ‘SJUDAS WLIOIS JO SI [9PON

OPIM 153104

wiia} JeaN

ysiy—agerspoy

"S3}IS UONBaIdaI pasiadsip
pue (sa)is padojanap) spunosddwed
0} syjs11 pue sutejd pooyy Ajnuap|

g — onoe} oyadg

Ssjopow pue eyep
Jo uonelaidiaiul pue uoneidajul ‘Bumes
Aytond ‘aouelsisas [eutajul JUaL}ILUIOD

diysiapea| {||im [euoneziuedio :awos

aAlsuadxa Ajajesapopy

seale asn Jo Aej1ano pue saidads ppe
pue Aji[e}ow 91} 10} ejep Sunsixa asn
‘Aouady Juswadeuey Aouadiow] [eiopad
QY3 Se Yons ‘sa1ouade JaYIo YHM YIOAA

SeaJe 9dueqInISIp
s11 Y31y ‘spue| jusdelpe Jo spue| 153104

wiia} JeaN

ysiy—agerspo

"s10]0e} ys1 Suissasse Aq Ajajes urejureyy

V — 21308} ddadg

uonejudwajdwi 0} siaLieg

150D

uonejuawdjdu
1oy sapunyioddo

(o1ydei§oag)
:pardde aq sonoey ues sy

Aouagin uonejuswajduwy

($)SHI) SSAUIAIIYD dNjde|

andeg

‘siauyied yim uoneulpiood 3uideinodous pue syealy) Suionpal Aq sa)is uolealdal Jo Aoual|isal ay) asealdu] :danddlqo A3ayens

‘spJezey [ednjeu a1e3niw o] sa)is uoneasdal adeuey :ydeosddesASajens uoneydepy

“S9OUBQINISIP pUR SpIezey [einjeu Jo AJlaAas pue Aouanbaly ay ul sa8ueyd Yiim a1njonaiseljul o) sty :d3ueyd pue AjijiqeLrea dnewi|d 0} AJARISUIS

.Co_ww._ﬁjm SOIO0Y [eljua) 9y} ul uoljealdal Uo s}39)Jo wmcmr_u 9jewll|d ssalppe jeyl mCOEn_O COENHQNU/\l—.J\O—. 9|qeL

USDA Forest Service RMRS-GTR-374. 2018

416



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

S99} mu_wmj.— |eluaiuoliAUL pue |ed1]1|Od

anlsuadxa — ajerspopy

saniunyoddo payiwi

[9A9] |B207]
wia) PI
YysiH

‘soniunyoddo 99 pue spunoiddwed
3uidiejua se yons sanssi Aj1oedeod jsnfpy

D —210%) di1dAdg

soiydes3owap Sunyiys
anisuadxa Ajajerapopy

s3unsaw sdnoid 1sasayul [e1dads
‘sdnoi8 1asn 108.e} Ypim s3unssw
‘s8un@aw uonesado [enuuy

[9A9] 159104

wid} PIA

y3iy-ayesopow

‘S211eU0ISSIOU0D

pue siaued yim uoneuIpIood 3seadul
pue sjoedwi 921n0sal [einjeu Ajuap|

g — onoe) oyadg

Suiyess pue sdpnq

Sururpoap ‘Ajjeuoneu pue Ajjeuoidal yiom jo
wes3oud ur Ayioud moj ‘saipnis ul 98eSus
0} uoddns diysiapes) jo o] ‘auiwlaiep
O1J[NOJIP ST puBlILp 9sned9q 3 NIIYIP s
asn jo susened jo1paud Jo aiinboe o) Ay

anisuadxa Ajajerspopy

sAaAINs-gns yym sassanold
SuLIo}IUON puE 35 JOJISIA [BUOIIEN ddUBYUD
{S3}IUNWWIOD [BDO] ‘S3JBIS YIM S}eulpioo))

S|9A9] |BDO]| pPUE 15310J ‘|BUOISaI ‘[eUuoleN

Wi} JeaN

aleIopow

"eaJe Ay} 1o}
Pa11IUSPI SAYDIU UOIBIIDI SSRUPPE PUE SPIYS
puewsap pueisiopun o} sulaned asn ssassy

V — 21308} dadg

uonejudwajdwi 0} siaLieg
150D

uonejudwjduwi

410y sapunpioddo

(o1ydei80ag)
;patdde aq sonoey ued ardyp

Aouadun uonejusdwajdwy

($)[S14) SSAUDAIJIYD d1jde|

anoel

‘puewsap 3uidueyd 0 asuodsal ul saniunjioddo uonealdal ajqeulelsns apiaold :PARdalqo ASajens

‘susoned asn Suidueyd Jo suoseas papualxa ssalppe 0} uonisuel] :yoeosdde/A3ayens uoneydepy

"UOIJEIDAI JSUJEIM-LUIBM JOJ PUBLISP Ul S93uey)) :d8ueyd pue AJijiqeLiea dijewl|d 0} A}AISUIS

‘u01331qgNs s3I0} [BIUSD) B} Ul UOIFeaIdI UO S}oaye a3ueyd ajewl|d ssaippe yey) suondo uoneidepy—z-voL ajqeL

417

USDA Forest Service RMRS-GTR-374. 2018



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10

[eonijod
pue _m.._ju_JU /5921n0Ssal |ejustiuodIAug

aalsuadxy

uonealdal apnpoul 0} me| diyspiemals
paisnipe ‘suoye adeospue| a8ie|
‘uonealdas apnoul o0} syoafoid sresdayul

SO}IS UOIFeIDI IAUIA
w9} pIw

9Jelopow

-o11gnd sy aping 0y
su8is ppe pue A1essadau se sa)is 9)ed0|oy

D - 2198} dy1dadg

a8e3ua 03 Joddns diysiopes) syoe| ‘UoisiAaI
ul JOU 9SOy} 10} UO13dRIIP Jesjoun ‘Suiwi]

anisuadxa Ajajerspopy

SIUSWIRRIZY eI

SIDJUID) BYDUB|RAY

Suiuued 10afoiq

S}HOYT UOISIADY — duluue|d 159104

seaJe Juswadeuew pajeudisa(

Wi} JeaN

y3iy-ayesopopy

“UOIJRLLIOJUI SSDOE UM S3}IS JOUID)UI UO[EId]
urejurew pue sa1ouade Joyio pue sioyesadood
‘ssouried ypm arediunwiwod ‘duruueld 35910y
43N0oay} sease SN JSJUIM PaJeIIUIUO0D Juissaippe
UoIDdIIP pue sease Juswadeuew ajeald)

g - 21oe} dy13dg

puodsal 0} Ayjiqe InQ

anisuadxa Ajajerapopy

sjuawwaaI3e S1els {s193UdD Aydue eAR
‘Buiuueyd 10afoid ‘uoisiaai ued 39104

SO}IS UOIFEIDI IAUIA

Wid} PIA

9Jelopow

*9sn ul papasu sadueyd
juswsa|dwi 0} siouped aedus pue
‘SUI9OUOD AJofes SsaIppe ‘asn IajuIm YIys

Vv — 2108} dy133ds

uonejudwadwi 0} siaLiieg

150D

uonejuawR|dwi
10§ sanunyioddo

(o1ydes80ag)
:pardde aq sonoe) ued asaym

Aouagin uonejuawajduwy

(SYS11) SSAUIAIDAYD d1de]

anoey

‘puewap Suidueyd o} asuodsal Ul UOIIEIDDI B|GEUIEISNS SPIA0IY :9ANI3Iqo AS3jens

‘swiaped asn Suidueyd pue uoseas adelane Jajioys ssaippe o} uonisuel] :yoeosdde/A3ayens uoneydepy

UOI}eaI03J JSJUIM 0) Sjealy] :dSueyd pue AJijIqeLieA dijewi|d 0} AHARISUIS

.Co_mw\_o_jm SO0}y |edjua)) ay} ul uoljealdal JajulM Uo S109)49 mwcm;u 9Jewl|d ssalppe jeyl mCOEQO Co_umun_m_ulﬂlm”)\o_‘ IlqeL

USDA Forest Service RMRS-GTR-374. 2018

418



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10

(Buipuny) awog

9)eJopPON

slouley

Sspue| [eJapad
WSy piIw

ajesapowl/y3iH

"uoseas Aq ssaode gunsixa oy sadueyo
|enuajod pue mau ul 3saAul Ajjedi3areng

D - 2o1oe) d1Adg

(Ayoedeo/3uipuny) awog

9)eJOpPON

slouley

spue| [eJopad
WSy piw

Yy3iH

"uoseas Aq ssaode gunsixa oy sadueyo
[enuajod pue spasu ssadde Mau Ajuap)

g — onoe} oyadg

(Ayoedeo/3uipuny) awog

d)eJOPON

silouley

spue| [eJapad

wLa) JeoaN

Yy3iH

-a3ueyo arewd Yym sdumas

wnnoads Ayunuoddo uoneasoas Suiueyd yum
AdUd)sISUOD aInNsud 0} (s|1ed} pue speay|iely ““3-9)
uoseas Aq ssaooe 3unsixa azniioud pue ayenjeal

V — 21308} didadg

uonejudwajdwi 0} siaLLeg

}s0D

uonejuawjduwn
104 sanunyioddo

(o1ydes80a3)
ipardde aq sonoe) ued asdym

Aouagin uonejuawajdwy]

(S)S11) SSAUDAILDAYD d1joe]

anoel

‘susayyed asn uidueyd pue asn Jo uoseas Aq Adual|isal pue ADUBAS|J 2INSUS O} SS3D0€ UOIIEIDAI JO UOHISURI) 1€}I[10B :dA1Id[qo ASajens

"suonIpuod a3ueyd SewWI|d pue 921N0SAI YIM 3|qiedwod pue puewap pue asn uolealdal pajdafoid oy ayenbape si ssadoe jey) ainsug :yoeoadde/A3ayens uoneydepy

"asn Jo uoneinp

pue ‘asn jo adA} ‘asn jo uoseas ‘Uuo1Ied0| 0} d3ueYd 3ulpn|oul ‘@3ueyd AeWI|d Y)IM S3ueyd ABW SPaaU SS9DDE UOIEaIDY :dueyd pue AMjIqeLieA dijewi|d 0} AHAISUIS

.CO_MQLO_:m S9D0Y ulIalseq ay] ul uoljealdal uo s}09)40 wm:msu °9Jewl|d ssalppe jeyl mCOEQO COENwQNU(l.V.(«Qw I|qeL

419

USDA Forest Service RMRS-GTR-374. 2018



SUON

anlsuadxauy

SUON

spue| |elopad

Si9111eq DWOS

aAIsuadxa Ajaresapon

SUON|

spue| |esapaq

sI91Leq SWOS

anlsuadxa Ajajesapowy

SUON

spue| [eJopad

uonejuawrdwi 0} siaLieg

350D

uonejuawajdwi 1oy saniunyioddo

(o1ydea30ag) ;pardde aq sonoe) ued asaypp

USDA Forest Service RMRS-GTR-374. 2018

w9) JeaN w9} pPIW wia) Iy Aduagin uonejudwadjdwy
MO|/21RI9POIN y3iH ysiH (SYSL1) SSaUIAIIAYD IR
"28ueyd onewid 0} asuodsal "S)09yJo 93ueyd SJBWI[D 0} J|CEJIAU|NA

ul JayoeIeYd D1UBDS pue s3uines wniyads 1SOW 4. YDIYMm dUILWIDRP 0}
Ayunuoddo uonealoal Sunsixa urejurew  IajoeIRYD DIUDS pue s3uIRas wnndads
‘ayoiu [euoi3al-gns e dojanaq 1o Y1ys 0y sardarens Juswadeuew dojprsg  Ayunuoddo uoneasdas Sunsixa ssassy anoel

D - 210¢) d1Adg g - o1noe) ouy1adg V — 2130%) d1dadg
"saYdIU Ino juawa|dwod Jey) s3uUNISS UOITBIDI SSOY) Ulejulew ‘ADUal|Isal pue AdueAa|al ‘All[IqIxal) aA3IYDe 0} S3UIIaS UOIIBaIdaL JO Uonisuel) aje}i[1oe] :aAndalqo A3ayens

‘puewap pue suonipuod adeodspue| Suidueyd Yum sdumias uoneatdal ano udl)y :yoeosdde/A3ayens uoneydepy

“a1ew|d ul sadueyo pajdadxa ay) Aq paroaye aq
|[IM SuOseas ||e SuLINp ‘paZ1I0}JOW-UOU pue paziiojow Yloq ‘(A1auads pue wnuoadsg AjiunuoddQ uoneaiday) sduies uoneasday :dgueyd pue Ajijiqeriea diewli|d 0} AJIADISUdS

EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

.Co_ww‘_m_bm SO0y uialsed ay] ul uoljealdal uo sjo9)40 mwcm;u 9Jewl|d ssalppe jeyl mCOEQO CO_HMHQMU<|m.<O—‘ IlqeL

420



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

Suipuny pue Aj1oeded a01AI9S 159104 DWOS
aAIsuadxa Ajajesapoy

$199)un|OA dwil| U Jodssed ‘4901 UOBAIDSAI]
DLI0}SIH 18IS ‘SAIISIDAIUN @014 UONBAIDSIJ DII0ISIH [eqll] ‘Saql]

Baly 9UOISMO||aA J9)ealn)

w9} JeaN

°9]eIapPOo

>S4} 1SOW $22IN0SdI 10 Sease u|
o11gnd ayj ayeonpa 03 saniunyioddo uoneonpa pue uonelaidisul dojarag

g - 21noe) ou1adg

Suipuny pue Aj1oeded a01AI9S 152104 DWOS
aAIsuadxy

$199JUN|OA dwWil| Ul Jodsseq ‘a1 UOIBAIDSI] DLIOISIH
91BIG ‘SAISIDAIUN (@014 UONBAIDSIJ DIIOISIH [eqll] ‘SaqI]

Baly 9UOISMO||9A I9)ealn)

wiia} JeaN

°9]elapo

51000 oy} aedniw pue ‘suseped asn ui sadueyd pue adueyd
9JeWI|D 0) XSLI }SOW Je seale 3soy} Ajpuap! pue AIoJUSAU|

V — 21d%) oudadg

uonejudwajdwi 0} siaLiIeg

150D

uonejudwajdu
410y saniunpioddo

(o1ydes30asg)
;paijdde aq sonoe) ued 1Y

Aouagdin uonejuawajduwy

(SY[S11) SSAUDAIIIAYD d1)deL

anoey

"sa)is a|gen|ea 109j0id pue sayis a3ejuay pue [einjjnd jo aouenodwl ayy a8pajmouPy :pandalqo Agayens

‘sodeospue| [einynNd [eUONIPEI} JO S9SN PaIDES Ay} pue Sa}Is dejLay pue |ein}jnd 10ajo.d :ydeoadde/ASayens uoneydepy

*a1n}|nd pue ‘sorydesdowsp ‘ASojouyoa) ‘arewl|d ul sadueyd Aq paloajye aq Aew sadinosal 9de}liay pue [ein}jn) :d8ueyd pue AjijiqeLieA dijewi|d 0) AJARISUIS

.COMWQ‘_Q:m SADO0Y ulajseq] oy} ul uoljealdal uo s}oa)jo wwcmﬁ\_u oJewl|d ssalppe jeyl mCO_MQO CO_wmwﬁ_m@(l@.es_‘ alqelL

421

USDA Forest Service RMRS-GTR-374. 2018



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

ainnd Aouade ‘asniadxa :awog

9)eIaPOW

suoneziuedio
[EJUBWILISAOS-UOU ‘AJISIDAIUN “YDIeasal ‘siaulied

wuay JeaN
YysiH

‘uoneaidal syoedw Jey) A3ojouyoa) Suiwoodn
pUE 1s3)E| S} pUBISIaPUN O} YDIeasal }ONPUo))

D - 2o1oe) di1Adg

ainnd Aouade ‘asniadxa :awog

9)eI9POWN

SUO1eZIUESIO [EJUBUISAOS
-uou ‘AJISISAIUN ‘UDIeasal ‘siaulied

wuay JeaN
YysiH

"a8ueyd arewld jo spedwi pazijedo)
AJauapI A[1B9]D 0} YdIedsal JONPuUO0D)

g — onoe} oyadg

ainnd Aouade ‘asniadxa :awog

9)eIaPOW

SUOIeZIUEBSIO [EJUBIUIIAOS
-uou ‘AJISIaAIUN ‘YoIeasal ‘siaulied

wiia} JeaN

YysiH

‘A[[euoneu pue A[feuoidal

Y10q ‘spuai) dlwouodd pue ‘sorydesSowap

‘pueWIRP Ul SSSUBYD SY) PUBISIDPUN

V — 21308} dudadg

uonejuswaduwi 0} siatiieg

}s0D

uonejuawjduwn
10y sanunyioddo

(o1ydes30a3)
:pardde aq sonoe) ued asdys

Aouagin uonejuswajdwy

(S)S11) SSAUDAIIBYYD d1joe]

anoeg

‘Aoual|isal pue Aoueaajas ‘Al|IqIxa]} aAa1yoe 0} saniunuoddo uoneadal jo uonisues) aje}i|1oe] :dAnd3lqo A3ayens

"$J9SN UOIB2I0aI [BIDISWIWIOD-UOU pue (paniwiad) [eIdjawwod 0} puewap aimny yum saniunuoddo uonealsas ino udily :yoeoadde/A3ajens uoneydepy

"21mnd pue ‘soiydesSowap ‘A30jouyoa) ‘@3ueyd
ajewId Aq USALIP 3q [[1m 3sn Jo susened pue ‘asn jo Junowe ‘AJIADE UONESIDaI Ul JIYS Sy} PUB PUBLUSP 1SN UONEIIDDY :dSueyd pue AjijiqerieA dnewl|d 0} AJAISUIS

.Co_ww‘_ﬁ_Dm SO0} uia)sed ay] ul uoljealdal uo sjo9)jo wwcm.r_u 9jewll|d ssalppe jeyl mCOEQO COEMHQM_U/\lh)\O—. 9I|qeL

USDA Forest Service RMRS-GTR-374. 2018

422



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

Ayoeded pue 3uipuny :awog

9]elapo

QUON

Wiz} pIW

9)eIOPOWN

*9sn ul AJljIqIxa|} 1oy sanijioey udisaq

D - 219e} dy133dg

Suipuny :awog

aAIsuadxy

QUON

Wiz} PIW

y3iy-aresopo

‘san|1oey
uoneasdal padojanap ul A|[edi3arens 1sanu|

g - 210e} dy1adg

Adouade [eusajul ‘Suipuny :BWOG

9Jelapow

SUONeZIUESIO |BIUSWIUISAOS
-uou pue d1|gnd ‘ssapiwiad Suipnjoul ‘siaulied

wliaj JeaN

9)eIOPOWN

"S9DIAIDS
u1 98ueyd pue ‘QUaWISaAUL ‘A}I[IGEIA IO} ‘UOSEDS
Aq ‘sanij1oe) UoNEaIdAI SUNSIXd 9Z1LIOL

Vv — 21308} 2133ds

uonejuawjdwi 0} sidLLeg

150D

uonejuawajdu
4oy sapunpioddo

(o1ydes80ag)
ipardde aq sonoey ueds asaym

Aouagin uonejuswajdwy

($[S11) SSAUIAIIIBYD d1jdoe|

anoey

"Aoual|Isal pue Adueadjal ‘Al[IqIXa]} aAdIyDe 0] saiiunuoddo uoieasdal jo uonisuel) a1}l [10e4 :aAndalqo A3ayens

'SIO1JUOD 921N0sal [einjeu pue J9sn 9dNnpal pue \UCNEQU 2.NJNj aljepowwodde jey)l saljl|ioe) uoljealdal apIAOld ur—UﬁO.—n—Qﬁ\%wwwﬁ.—wm :O_wﬁwn_ﬁ—u#\

"ayewl|d ul sadueyd Aq pajoaje aq |[Im S

Ok} uoneaIdal Jo AJljigelA ainny oy :dSueyd pue Ajijiqeriea dijewl]d 0} AJADISUIS

"uo13a.qgns sa100} UIAJSE] Y} Ul UONEII3I UO S)0a)J0 a8ueyd ajewl|d ssalppe Jey) suondo uoneidepy—g yoL 3ajqer

423

USDA Forest Service RMRS-GTR-374. 2018



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

1500 Jolepy
anlsuadxy

(Sujenapun

o1410ads 0) paje[al Jou UaYM)
10V UOIBAISSAI] D1I0)SIH
[EUOHEN JO 0L | UOHDISS

oy1oads ajig
wia) JeaN

ysiy-wnipapyy

*S109JJ9 9SIaApe wwww IW

a - 210e) dy1ds

spuny asuodsa. Aouagdiowa
SUON ©ale PauINg JO 3N JO Uone}IWI]

anlsuadxauy aAnlsuadxa Ajajerapopy

siouped Ausiantun yum adedua

[enuew 30IAISS 152104 ‘asuodsas Aouadiows eale pauing

apIm IuN seale pauing uj
wLia} JeaN wLia} JeaN
wnipay YysiH

‘uonedsoj|e Juswadeuew
pue Sa1}IAISUS YIS 9Z1}LIOL]

"s9110JuUdAUl dul-1s0d asealou|

D - 212e} dyads 4 - 219e) dy1dg

suonouny Jayjo o} poddns
UO JBJIUSDUOD IBYIe P|NOM “J1Jauaq
99s Jou Aew wesy diysiopes] 12104

aAnIsuadxa Ajajerapopy

syooloid awir] ul podsseq ‘1321008
|eoLIoIs1y ‘siaupred Ajisiaaiun

yim a8edua oy uoleAIasald
D1I0}SIH [BUONEN JO O] | UODAS

Surjppow annoipaid Ag
SUOIBDO] BUIWIIAP — UoeAd[d YSIH

wLia} JeaN
Yy3iH

‘Buipiodal
a)Is pue sAaains aanoe-oid asealou)

Vv — 2108} dy133ds

uonejuawjdwi 0y siaLieg

350D

uonejuaw|duwi
103 saniunyoddo

(o1ydei30as) ;pardde
3 $2130€) Ued AIRYM

Aouagin uonejuswajdwy

($)S11) SSAUDAI}IRYD d1joe]

anoep

'S10SS2J)S 9ONPaJ pUB UOIEONPS 3seaIdU| :And3lqo AGayens

“uoISSNOSIp 93UBYD S1WID dY) Ul PAAJOAUL SI0W SIDINOSAI [eInynd 390 :yoeoidde/A3ayens uoneydepy

*s9)1s [e2130]0aYdue SUIpIY JOA0D MOUS 9A1D}0Id JO SSO| W) 104 PUB ‘UOSES JSIWINS JSZUO| PUB SIIIAIDE UOIBSIDI PAsealdul 0} anp
WISI[EPUBA ‘SPOOJ} PUE UOISOIS ‘Sall} PUB[P|IM Ul 9SBRIDUl UJIM UoNONISap pue adewep o) a|qndaosns aire sayis [e2130]0ayduy :98ueyd pue Ajijiqeriea dpewi|d 0} AJAISUIS

.Co_ww‘_ﬁjm Baly 9UOISMO||9A J9)ealn) ay} ul uonealdal Uo s}o9)jo mwcm;u 9Jewl|d ssalppe jeyl mCOEQO Co_umun_m_ulﬂla./\o_‘ IlqeL

USDA Forest Service RMRS-GTR-374. 2018

424



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

$21nso[2
[eonijod pue [e1D0S :SI9llieq SWOS  PeO. 0} SIaLLe( [e100S pue [ednijod ‘Zulpuny :olew 0} SUON uonejudw|dwi 0} s1aLireg
*s109(oud
awi Jjels — aAlsuadxa Ajaresopon papuny Apeasje ui pajesodiodul uaym 1daoxs ‘anisuadxy 150D
SpeOY PaUMQ uonejuawajdu
sdnoug 1asn unsixg  A|jesapad 1oy Jo1joy Aouadiowy ‘uonenodsuel] jo juswiedaq 10y saniunpioddo
sisAjeue ajew1|d> wouy sanond 1511y ‘spuny asuodsal (o1ydes30a3)
a1410ads a)Is — papaau aIBLYAA Aouadiawa eale pauing 3uisn syuansd oiydonseled sayy  jpaijdde aq sonoe) ued aYM
wia) JeaN  SJeaA g Uay) ‘@injonuisequl Jofew ssajun ‘wis) piw 0} JeaN Aouagin uonejuswajdwy
wnipay ySiy Asap (SYS11) SSAUIAIDAYS d1)de|
“S3SN 9|eMO|[e IO "2/NjoNU)SeUyul deulwi|d
$a.nso|d euoseas ‘ssaooud Sumiwiad sy ul suonoLysas [euonippe dojeAsg 1o ‘ainjonuisenul 81ed0[al ‘SUaA|Nd pazis Ajerelidosdde |[eisu) anoe|
g - 212¢) d1y1adg V - 21398} 21133dg

‘Ayioeded pue Suipuny pajiwi| SuLapisuod ajiym sanioud 19s pue ainjonisedjul ssassy :aAnRdalqo A3ajens

"sanss| Ajijenb-uoneaidas 10 921nosal ‘Alajes asned Aew spedwi a3ueyd ajewn)d pajoafoid ataym sajis sulwieIap AjaAnoeold yoeoadde/A3ayens uoneydepy

ssuonedo| uoneatdas Joopino Juimoid Ajpides pue ‘uoieas)s Joysiy o} syiys uonejndod ‘Ajijepow molyipuim
pue 9SeaSIp ‘S)0asUl WOIY S91} pAeZEy PIseaIdu] ‘UOISOIS PISeaIdUl Jjouni I91|Jea pue Pasealdul ‘Mous SS9 UM SI)UIM Jajioys SULISPISUOD Jauuew djes e ul asn ainyny
pa1oafoad sy} a1epOWILIOIDE 0} 9|CE 3] 2INJDNJISEIUL INO [[IAA “Uondajoid 921n0sau pue ‘Ajgjes ‘Suizis ‘uoedo| aindnJlselju] :dueyd pue AJijiqerieA dewi|d 0) AHAISUIS

"u0I831qNS BAIY SUOISMO]|IA Ja1eaIN) DY) Ul UONEIIDDI UO $)0a)40 d8ueyd arewid ssaippe Jey) suondo uoneidepy—o 1 voL 3]qeL

425

USDA Forest Service RMRS-GTR-374. 2018



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

Ayioud jo yoe| ‘awi) Jels Jo 3oe| :DWoS awog uonejudwajduwi 0} siaLiieg
awi Jyeys — aalsuadxa Ajajelapopy anIsuadxy 150D

uonejuawdjduwi

sdnoug Jasn {ana] un ssoo04d Suiuue|d ayis 221 Auy 1oy sapunyioddo

(o1ydeiS0as)

oy1oads ayig aoepayul ueqin  ;parjdde aq sonoe) ued aRYAA

wia) JeaN wd) piw — JeaN Aouagin uonejudwajduwy

ENIEToleIN] ysy Aiop (S[S11) SSAUAAIIIAYA d1)oe]
*asn ay) poddns ued sadinosal pue s|qeureIsns aq
's93uBYD  |[IM 3sN Ay} d19YM SUONEDO| Ul 3sn FulSeinodus ul dA1deOId

aulwalap 0} syutod 193311] 19 pue Saep UONDLIISAI PUB BINSOD JOHUOW aq s9)1s UOIEaIDAI Mau Jo saniunyioddo mau dojana( anoel
a - dnde) dyads D - ande dyadg

‘Ayoeded pue 3uipuny pajiwi] SuLIdpISUOD a[iym saiioud 19s pue aunjonUseljul ssassy :dARIAIqO ASarens

'sanss! Ajifenb-uoneaioal 1o a21nosas ‘Ajayes asned Aew speduwi aueyo arewn|d payoafoid ataym sayis autwisiap Ajpanoeold :yoeoiddy ; A3syens uoneydepy

$suoledo| uoneadas Joopino 3uimoid A|pides pue ‘uoneass Jaysiy o3 syiys uone|ndod ‘Ajijeow moayipuim
puE 9SBaSIP ‘S)0asUl WOJ) S9) PIeZEY PISEaIDU] ‘UOISOID PISEAIDUI JjoUn ID1|JES PUB PISEAIDU] ‘MOUS SS3] YIIM SIDJUIM Ja)ioys SULIDPISUOD Jauuew d)es e ul asn aininy
paoafoid ay) ejepowiodde 0} d|ge aq aInjoNASeUl INO [|IAA “uonoajold 801nosal pue ‘Ajajes ‘3uizis ‘UoIIed0| ainjoNnJiselju| :dgueyd pue AJjiqelieA dijewi|d 0} AJNAISUIS

uoi3aigqng YAD ay} Ul UOIEaAIIDI UO S)Oa)4a adueyd ajewl|d ssalppe Jey) suondo uoneydepy—(uod) 01°vo L d]qer

USDA Forest Service RMRS-GTR-374. 2018

426



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

WiSI|epuUeA pPIOAR
0} ysiy Juawajdwi 0} Mo

(ssoupred yum) anrsuadxau|

sassauisng ‘sdnoid 1asn

arendoidde ataymAuy

wiia) leaN

9Jelopow

‘(so1e3
‘sugls ‘saduay “*39) papasu
se aimpnuselul |[eisu]

a - 210e) 2y1ds

SI9LLB(Q [BUIDIXD pUE
saduaJayIp [ednijod pue siaLleq
[eJnynd [eutaiul :y3iy o} wnipay

wnIpa

VAD 8yj Ut ajj1es oym

a|doad [enuanjjui ‘siakojdwa ajeas
-[euoi3ai ‘sj1ounod Juswdojorsp
9]l ‘WsLNO} Jo suawitedap

9JEJS ‘90IaWWOY) JO SIaquIeyD)

(s8utf|ig pue s|je4 oyep| ‘ApoD
‘ueWLZOg ‘UoSyde[ "9l) SI9IUD
ueqin JadJte| ayy yyum Suineig

w3} 8uoj 03 pIW

wnipaw-mMoT]

*s904nosal yjied pue }sa.104

uo sainssaid pasealoul sy} Yim |eap
djay 03 suoneziuedio yuswdojerag

pue a2Jawwo)) Jo siaquiey)) adedug

D - 2198} dy1dadg

1911eq 1500 ‘eipaw [e100s duisn
JOU SIOIUdS pue Seale oWl Ul
98e19A00 JO 3OP| :[|BWS O} WNIPAN

winipaw 0) aAlsuadxaul

auizedey orydeidoan
[euonen :,dde vAD, ayL

214193ds a)1s Jo |esouad
9( ued sadessawl — aIaymAIan]

wlia) JeaN

ySiy—wnipayy

-apenbnas sjowoud pue ‘eyeonpa
‘s1asn 12a41p ‘asn wm_wam_t 0}
A3ojouyoa) eipaw [e120s Juawa|dw|

g - 21oe} dy13dg

SaNIUNWWOD pue
siasn wouy uonisoddo |einyjna/erdos
uo Suipuadap ‘a81e| 0} |[eWS

anisuadxaul

HCQEQMNCME |oAR]} PasiAal .\m>>w|_

S)IJU0D
195N-901N0S3I JO 9OUILINID0
Y31y yum sease ut A[e1oadsa

nq ‘ereudoidde asaymAuy

wlo) JeaN

ySiy—wnipayy

‘saleys |leJ) pue saInsojd
“quawadeuew [aAel} ‘o3elols

OO} JO S3Yep PaPUIIXd Se |yons
‘papaau se ‘s19pio Jo sarep Isnipy

Vv — 2108} dy133ds

uonejuaw|dwi 0 siaLLeg

150D

uonejudwajdu
4oy sarpunpioddo

(o1ydes80ag) ;pardde
3q $2110€} Ued AIRYM

A>uadin uonejuswajdwy]

(SYS11) SSAUIAIDAYD d11de]

anoey

'$10SS21)S 9ONPaJ pue UOIEINPa 3sealdu] :dAnRd3[qo A3ayens

"s98ueyD [BINJONIISEIUT PUB “UBWSIONS ‘Uo1jedNnpa ‘uonejndal uo snoo{ :yoeoidde/A8ayens uoneydepy

"UOSEaS JBWIWINS J93UO| B PUB J[DWIMOUS JSI[JBS ‘SJUNOWE MOUS JI9MOT :38ueyd pue AJijiqeLiea dpew|d 0} AHAIISUS

.Co_wo‘_ﬁjm Baly 9UOJSMO||aA J9Jeal) ay] ul uoniealdal uo sjo9))o @mcm;u 9Jewl|d ssalppe Jeyl mCOEQO COEMHQm_u{l—‘ L'VOL 9|qeL

427

USDA Forest Service RMRS-GTR-374. 2018



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

wistjepuea
proae 0} y3iy Juawa|dwi 0} Mo

(ssoupied
YyuMm A|jeroadsa) anisuadxaul

Hun

SIS
(13LONS) Anowsa]a) mous 3unsixy

Wi} JeaN

9Jelopow

‘tpdap syoedmous pue ‘sayep
JUSAS MOUS ‘S91ep MOUS 10}IUOW

a - 21oe} dy1ds

uoneudwadwi 0} siaLiieg

150D
uonejuawR|dwi
10y sanunyioddo

s19)ua0 uoiye|ndod
JO 9DUB)SIP SUIALID UIYIM ‘Base

paniwiad 3unsixa ayy punode (o1ydes80ad) ;paijdde
BaJe UOIIE3IDd) pUNoJe pue U] eale papiwiad punole pue Uyl pue ul ‘sease papiwsad Jo4 3 $2130€) Ued AIYM
w3} SUoj—pIw w3} PIW wial PIN Aduagun uonejudwadjdwy

spoedwi 921nosal
pue AJIAISN|OXd 150D J9PISUOD

MOT WiNIPaW—MOT] IsNW {wis)-1oys ay ul y3iy (SSLI) SSOUIAIDIAYA d1jde]
‘suonesado
Jopuim paniwiad |e pue “(uerd
SHOSal [[Iyumop paniwad 3y} AJIpoL I0) SUOSEas PUIXD
‘S9}IS UOI)BaIDDI PASEQ-MOUS  PUE S9SN PPE UED 9M JI UIWISIOP *UOI}BIIDI PISBY-MOUS
Aouage jo Ajljigeln aulwex3 03 ue|d uswdojanap saysew asn  ulkyisiaalp Joy suondo dojenag anoe|
D - 210} dy1Adg g — onoe) ouyadg V — 21308} d1dadg

‘sioupred Ajlunwwod pue Ansnput adedua pue ‘suondo ssasse ‘a3pajmous aseaou] :9A123lqo ASayens

"elId}D pue ssadoud uoneznioud dojaasp pue ‘sa)Is UOIBIDAI pUE BINJONJISBIUI SS3sSe ‘saniAnoe paniwiad SulAjisiaalp sapisuo)) :yoeosdde/A3ayens uoneydepy

"MOUS 3121 JO JSJI9M PUB ‘MOUS $S3| YHIM SISJUIM Ia1Ioys :a8ueyd pue Ajjiqeriea dijewi|d 0} AHARISUIS

.Co_wm‘_njm Baly 9UOJSMO||aA J9Jeal) ay] Ul uoniealdal uo sj09))o wwcm;u 9Jewl|d ssalppe Jeyl mCOEQO COEMMQN_U<|N L'VOL 9|qeL

USDA Forest Service RMRS-GTR-374. 2018

428



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

|e10g

aAIsuadxa Ajaresapoy

siouped uoneziuedio
[elUBWILIBAOS-UOU ‘eqLi ‘91e)s ‘|eJapad

IETTENIN

10edW| [BJUSWIUOIIAUT UB|4 UONEIOISDY
uiseq aua|y,p JN20D) dY) Ul PaIJIIUIPI Seale
Ayioud uo snooj Inq “uiseq ay) Jnoy3noay

(wue) Suo| ul 3ul08U0 INQ) W) JeaN

‘MO| 0] 9]elapoN

‘pauapiey
U99q 9ABY Jey) SeaJe Ul 9SN 91euadu0))

D - 210} d1Adg

Quou 0} [eWIUIN

anlsuadxa Ajajerspopy

siouped uoneziuedio
|[EIUSWILIDAOS-UOU ‘[eqLi) ‘DJe)S ‘|esopad

MIETITEMN SIS

10edW| [EJUSWIUOIIAUT UB|4 UONEIOISDY
uiseqg aud|y,p IN30D) dY} Ul palyudp! sease
Ayord uo snooy Inq ‘uiseq ayy Jnoy3dnoayy

(w3} Suo| u1 3ul03uo INq) Wid) JeaN

Yy3iH

"sIaLLIeq UOITRII8IA Ysl|qeis]

g - 21oe} dy13dg

SUJ9DUOD 924N0SI
19430 10 $2109ds DANISUDS L}IM SANSS|

anisuadxa Ajajerspopy

siouped uoneziuedio
[BIUSWILIDAOS-UOU ‘[eqLi) ‘DJe)S ‘|esopad

UBWaE)S

10edW| [EJUSWILOIIAUT UB|4 UONEIOISDY
uiseqg aud|y,p IN30D) dY} Ul paljudp! sease
Ayord uo snooy Inq ‘uiseq ayy Jnoy3dnoayy

(w3} Suo| ul 3ul03uo INq) W) JeaN

(@dueUSUIRW
sasinbau) wusy-uoys ay ul y3iy

‘Seale pojeulweljuod uspley 1o Q&U

Vv — 2108} dy133ds

uonejuawadwi 0} sialiieg

350D

uonejuawadwi 1oy saniunyioddo

(o1ydes30ag)
:pardde aq sonoe) ued asay
Aouagin uonejuswajdwy

(S)S11) SSAUDAIIIBYD d1joe|

anoey

"a3pajmoun| asealoul pue 1ealyl/si10ssalls aonpay :dAnd3lqo ASayens

'seale pajeulwejuod jo aoueplony :ydeosdde/AGajens uoneydepy

‘Seale pajeulweluod ay3 ul saimesadway LQLW_L ul uonealudal paseq-i9JeMm I0J allsap

paseaudul J0/pUe Ulseq aUd|Y,p IN307) 3y} Ul S|aAd] axe| Suiddoup o) anp Juswipas pajeulwejuod o} ainsodxa uewny pasealou] :a8ueyd pue AjjiqerieA dijewi|d 0} AHARISUIS

.Co_ww‘_ﬁjm SO0} WI9ISOAA 9y] Ul uOljealdal uo S}oaj)a wwcmsu 9Jewll|d ssalppe Jeyl mCOEQO CO_HEQ.mU{lM L'VOL 9|qeL

429

USDA Forest Service RMRS-GTR-374. 2018



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

seaJle asn A[iwey [euonipes

USDA Forest Service RMRS-GTR-374. 2018

0} ssa20k urejurew o) syysu Ayean uiziudooal {e100g |e1oog uonejuawrdwi 0} siaLeg
aAIsuadxa Ajaresapo anlsuadxa Ajajesapowy 150D
sdiysiaulsed ajeand pue ‘[eqLy ‘a1els ‘[esopad sdiyssoupred ayeaud pue ‘[equ ‘a1els ‘[esapa uonejuawajdwi 1oy saniunyioddo

(o1ydeiSoas)

spue| [esopa{ uo sease ueledry spue| [e1opa4 uo sease uelredny :pardde aq sonoe) ueds asayp
(w3} Suo| 0} Sui03uo) Wiy JeaN (w2} Suo| 03 uloduo) wis) JeaN Aouagin uonejudwajduwy
9]BIOPOW 9)eIOPOW (SYS11) SSAUIAIDAYD dNdeL
‘seale pajoedwi Sunejadanas pue ‘sease ueliedll 0} ssad0e ‘seale uelledus ul sa)Is uoneaddl pasiadsip
3unyojq se yons ‘uondajold adinosal 1oy saunseaw udisa  Jo uolsuedxa juanaid o) sudis ysod pue drjgnd sy a1edNP3 anoep
4 - d1de) dy1adg Vv - 2119¥} 21133dg

"Jealyy/siossalys aonpal {(d1jgnd ay3 pue saipuade Jaylo yum “§-a) areurpiool) :an23lqo ASayens

"sa)1s mau Jo Sulidauold pue sayis jo uoisuedxa ywi :yoeosdde/A3ayens uoneydepy

‘sease uenedu ul
S3)IS UOIIeaIdal pasiadsip paseaidul 0} pes| [|Im sainjesadwa) 1aySiy YIm uoneaidal paseq-1ayem 1o} 211S9p pasealou] :dgueyd pue AjiqeLieA dijewi|d 0} AHARISUIS

‘uo13a.qgNs s3I0} UIAISIAA S} Ul UONEAIDI UO S)Da)0 a3ueyd ajewl|d ssaippe Jey) suondo uoneidepy—yp 1 voL d]qeL

430



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

(ss900ns uonejuawa|dwl YMm A} NdIYIp) dWos

dAIsuadx]

sdiysiauysed ajeand pue ‘a1els ‘jequi
‘lesapa ‘sweidoid Juswanoidwi sonsual [euoidal-ssoid)

SIOPILI0D D1UDS UIYHUAA

wiia} JeaN

MO] 0] 9jelapow

'sa10ads aAlseaul jo suone|ndod
2onpai pue peaids mojs {(duid yregaliym se yons s1aj1uod
pue ‘sasseid ‘sqloj ““3-2) uone}adan anneu Ysi|gelsa-ay

g — 21noe) diy1Adg

(Jooy e se juawaeuew uoneladan o} sjusuoddo) swog

anlsuadxa A[ajesspony

sdiysiaulsed anneioqe|jod pue sdiysiauned [equy

SIOPILI0D D1USDS UIYHAA

w9} JeaN

ajesapouw 0} YdiH

*al1y paquosaud
Jlo/pue Juswadeuew uoneadan y3nosyy uonisodwod
sa10ads pue ssejd ade Area pue ‘Ajisusap puels aonpay

V — 21308} ddadg

uonejudwadwi 0} sidLiieg

150D

uonejuawadwi Joy saniunyioddo

(o1ydes80ag)
:pardde aq sonoey ueds asaym

Aouagin uonejuswajduwy

($)SI) SSAUIAINIIND dIjde|

anoeg

"Aoual|1sal ajowold :aAndalqo A3ayens

“WISIINO} pue UOo[1ealdal uo spedwi aiyp|im Jiwi| 0} uoieladan adeueyy :yoeosdde/A8ayess uoneydepy

‘a]ew!|d Suidueyd Ym allj pue|p|im paseasdul Aq pajoaye aq A[l] |[Im uoneadal SulALp
21U3DS PAJBIDOSSEe PUE (|1l Y4e|D) PUE SIMaT pue 1kl nndiwiN “3°9) WSLINO) pue uoljealdal adejLay/[ein)|n)) :d3ueyd pue ApjiqelieA dijewi[d 0} AHARISUIS

.Co_ww‘_njm SOII0Y UI3)SOAA 9Y] Ul uoljealdal Uuo S}0a4)o QWCNLO o9Jewll|d ssalppe jeyl mCOEQO COENHQN_U/\lm L'VOL 9]qeL

431

USDA Forest Service RMRS-GTR-374. 2018



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

USDA Forest Service RMRS-GTR-374. 2018

[e100g |e120g uonejuswadwi 0} s1a11Ieg

MO MO 150D

sdiysiauyred Aouady sdiyssouped Aoua8y  uonejuawajdwi 1oy saniunyioddo

(o1ydea3oag)

SI9ALI Pa)IULIDg SI9ALI PajILIRg :paidde aq sonoe) ued asaym

wa) PIW wa) pIw Aouagun uonejuswajdwy

Jelapow 0} ySiH 9)eJOPON (SYS11) SSAUIAIDAYS d1)de|
‘umiwiad ‘uoneinp

pue smoyj yead ur sadueyo noge orjgnd ayy sreonp3 pue mojy dead ur sadueyo o} ydepe o} uoseas jiwiad Arep anoep
g - 212¢) d1y1adg V - 2139e} 214153ds

‘Aoual|1sal ajowold :aAndalqo A3ayens

Aniqixapy (Sumiwiad Ajurewrad) Juswadeuew aseasou| :yoeoidde/A3arens uoneydepy

'smo} yead jo Surwiny pue ajew|d> uidueyd yum Piys Ay [|im Suiyel iejemaliym Jo Alijeuoseas :a8ueyd pue AjjiqerieA dijewi|d 0} AHARISUIS

.Co_ww._ﬂjm SADO0Y UWI9ISOAA 9y] Ul UuOljealdal uo S}oa))a QWCNLU 9Jewll|d ssalppe jeyl mCOEQO COENHQQ_U/\l@ L'VOL 9]qeL

432



EFFECTS OF CLIMATE CHANGE ON RECREATION IN THE NORTHERN ROCKIES REGION

CHAPTER 10:

(uasi] skem[e Jou op ajdoad) |eroog

MO

sdiysiaulred

saye| Jofew pue sease Aejd moug

asuadxa {[e100g

anisuadxa Ajajerapopy

S99

saye| Jofew pue sease Aejd moug

uonejuswa|dwi 0} siatiieg

150D
uonejuswadwi 1oy saniunpioddo

(o1ydes80ag)
:pardde aq sonoe) ues sy

w9} JeaN w9} JeaN Aouagin uonejuawjduwy
dlelopoy dlelopoy (SSM) SSIUAAIDIIYI d13de]
‘(spedmous
paonpal aAeY [€|NOSSIA] Seale UOIBAS|D JOMO| Se ash
“(s393ys 221 Suiuuly) pue [euonippe ayedId3ue) SISEIDUI SN PIJENUIDUOD SIdYM
[enuajod ayoue|eAe) ¥si11 PaseaIdUl 10} UOIIEONPD A19JES ONPUOD)  Sease ul Salj|1oe) puedxd pue aINJONJISeUl JUSLIND UleIUIely anoe|

g — onoey oy10adg V — 210€)} d1y10adg
‘Aouai|1sal ajowoly :aA123lqo A3ayens

Anjigixay (Sumiwiad Ajuewnd) Juswadeuew aseasdu| syoeoadde/A3ayens uoneydepy

‘saunjeladwa) pasealoul Yim st Je aq [[Im (Suljiqowmous ‘Sulnys A3unod-ssoad ‘ulysiy 901) UONEaIDDI JISIUIAN :dSueyDd pue A}jIqeLieA d1jewl]d 0} AJARISUIS

'u013a.qgNs SaIO0Y UIAISIAA S} Ul UONEAIDI UO S)Da)) a3ueyd ajewl|d ssaippe Jey) suondo uonerdepy—/1-voL d]qeL

433

USDA Forest Service RMRS-GTR-374. 2018



Chapter 11: Effects of Climate Change on
Ecosystem Services in the Northern Rockies

Region

Travis Warziniack, Megan Lawson, and S. Karen Dante-Wood

Introduction

In this chapter, we focus on the ecosystem services
provided to people who visit, live adjacent to, or otherwise
benefit from natural resources on public lands. Communities
in the Forest Service, U.S. Department of Agriculture
(USFS) Northern Region and the Greater Yellowstone Area
(GYA), hereafter called the Northern Rockies region, are
highly dependent on ecosystem services from water, soil,
and air that will be affected by climate change in a variety
of ways. Every community in the region will feel these
impacts. We link biophysical effects associated with climate
change, as described in previous chapters, with potential
effects on the well-being of humans and communities, and
identify strategies for adapting to climate-induced changes
and prioritizing among competing interests. First, we intro-
duce ecosystem services and how to describe and measure
them. Second, we describe how people and communities
currently use and benefit from public lands in the Northern
Rockies region, as well as existing stressors that may affect
the ability of communities to adapt to a changing climate.
Third, we discuss climate change effects on specific ecosys-
tem services. Finally, we identify adaptation strategies that
can help reduce negative effects on ecosystem services, and
discuss the ability of public agencies and communities to
respond to climate change (adaptive capacity).

Ecosystem services are benefits to people from the natu-
ral environment. These include timber for wood products,
clean drinking water for downstream users, recreation
opportunities, and spiritual and cultural connection to the
environment and natural resources. An ecosystem services
perspective extends the classification of multiple uses to a
broader array of services or values (Collins and Larry 2007).

Ecosystem services are commonly placed in the fol-
lowing four categories (Millenium Ecosystem Assessment
2005):

* Provisioning services—products obtained from
ecosystems, including timber, fresh water, wild foods,
and wild game

» Regulating services—benefits from the regulation
of ecosystem processes, including the purification
of water and air, carbon sequestration, and climate
regulation
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* Cultural services—nonmaterial benefits from
ecosystems, including spiritual and religious values,
recreation, aesthetic values, and traditional knowledge
systems

» Supporting services—long-term processes that
underlie the production of all other ecosystem
services, including soil formation, photosynthesis,
water cycling, and nutrient cycling

Categorizing ecosystem services in this manner helps
identify the ways in which natural resources and processes
benefit humans, and how changes in the natural environ-
ment will affect these benefits. Climate change will affect
the quality and quantity of ecosystem services provided by
public lands. Establishing the link among natural processes,
ecosystem services, and human benefits helps clarify the
communities or types of people most vulnerable to a chang-
ing climate.

Although ecosystem service categories help organize our
understanding of the relationship between natural resources
and human benefits, this simple approach may obscure com-
plex relationships between natural and human systems. Two
important caveats are relevant to discussions of ecosystem
services and anticipated climate change effects. First, these
categories are not exclusive, and many natural resources fall
under multiple categories, depending on the context. For
example, the consumption of fresh water can be considered
a provisioning service, the process of purifying water a
regulating service, the use of fresh water for recreation a
cultural service, and the role of fresh water in the life cycle
of organisms a supporting service. Second, these categories
are interdependent, such that individual services would not
exist without the functioning of a broad set of ecosystem
services.

To address the challenges of ecosystem services falling
into multiple, interdependent categories, Boyd and Krupnick
(2009) describe ecosystems as collections of commodities
linked by a range of biophysical processes, delineating
biophysical inputs and outputs, ecological endpoints, and
transformations. In this framework, fresh water is an output
from a filtration process, an ecological endpoint in itself as
drinking water, and then an input for the endpoints of rec-
reation and plant and animal populations. This framework
facilitates assessment of ecosystem service vulnerability by
allowing analysts to identify ecosystem service endpoints
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and connect changes in inputs and processes caused by cli-
mate change to changes in ecosystem service provision.

This framework and the subsequent distinction between
natural resources that are endpoints, inputs, and outputs,
provide a helpful approach to measuring ecosystem services.
Later in this chapter, we identify the most significant eco-
system services in the Northern Rockies region and describe
how they are expected to change.

Ecosystem Services and
Public Lands

The evaluation of ecosystem services in this assessment
is consistent with Federal agency management require-
ments. Under the Forest Planning Rule of 2012, the USFS
is required to formally address ecosystem services in land
management plans for national forests (USDA FS 2012).
The National Park Service (NPS) does not have specific
mandates concerning ecosystem services, but the agency
has incorporated ecosystem service considerations into
management planning and made ecosystem services a key
part of its 2014 Call to Action (NPS 2014). The Bureau of
Land Management (BLM), U.S. Department of the Interior
(USDOI) has also identified nonmarket environment values,
synonymous with ecosystem services, as an increasingly im-
portant consideration for land management (Winthrop n.d.).

Although all natural systems provide some type of
ecosystem services, managing for ecosystem services on
public lands involves specific considerations that make it
especially important to identify the endpoints, how they
are used, and which ones are most susceptible to disruption
from a changing climate. There are many beneficiaries from
ecosystem services provided by public lands, including
neighboring communities, nonlocal visitors, and people
who may never visit or directly use the lands but gain sat-
isfaction from knowing a resource exists and will be there
for future generations (Kline and Mazzotta 2012). This is
particularly true for iconic landscapes and rivers in the study
area such as Yellowstone National Park, Glacier National
Park, the Salmon River, and the Selway River (Borrie et al.
2002; Chouinard and Yoder 2004; Mansfield et al. 2008;
O’Laughlin 2005; Pederson et al. 2006).

Mandates to manage for multiple use of natural resources
can create situations in which some ecosystem services
conflict with others. For example, managing lands for
nonmotorized recreation may conflict with managing for
motorized recreation, timber, and mining, but it could
complement management for biodiversity and some wildlife
species. Ecosystem services from public lands are critical
for neighboring communities, particularly in rural areas of
the Northern Rockies region, where people rely on these
lands for fuel, food, water, recreation, and cultural connec-
tion. Decreased quantity and quality of ecosystem services
produced by public lands will affect human systems that
rely on them, requiring neighboring communities to seek

USDA Forest Service RMRS-GTR-374. 2018
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alternative means of providing these services or to change
local economies and lifeways.

Management decisions for public lands can substantially
affect ecosystem service flows, with cascading effects
on numerous users. This chapter is intended to highlight
potential climate change effects on ecosystem service flows,
for which management decisions can help users mitigate
or adapt to these effects and illustrate the tradeoffs in the
decisionmaking process. The concept of ecosystem services
is somewhat new, so data on ecosystem services are scarce.
In this chapter, we use quantitative data when possible, but
we often rely on qualitative descriptions or proxy measures.
Demographic and economic factors often have a significant
effect on ecosystem services, providing an important context
for understanding the effects of climate change.

Ecosystem Services in the
Northern Rockies Region

The USFS Northern Region Resource Information
Management Board identified ecosystem services that are
used by a large number of people and can also be affected
by management decisions. Using the standard categories
just discussed, we focused on provisioning, regulating, and
cultural ecosystem services. Supporting services were not
included because, although important, they are largely indi-
rect services that are inputs to other biophysical processes,
and are unlikely to be directly affected by management
decisions. Note that even though we have grouped eco-
system services into provisioning, regulating, and cultural
services in this chapter, these categories are not definitive;
many could have been included in an alternative category.
Although the USFS designated these ecosystem services,
many of the following services are also important for other
public agencies in the Northern Rockies region:

Provisioning ecosystem services.

* Abundant fresh water for human (e.g., municipal and
agricultural water supplies) and environmental (e.g.,
maintaining streamflows) uses

* Building materials and other wood products
* Mining materials

» Forage for livestock

* Fuel from firewood and biofuels

* High air quality and scenic views

* Genetic diversity and biodiversity
Regulating ecosystem services:

» Water filtration and maintenance of water quality
associated with drinking, recreation, and aesthetics

» Protection from wildfire and floods
» Protection from erosion

» Carbon sequestration
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Cultural ecosystem services:

* Recreation opportunities
» Aesthetic values from scenery
* Protection and use of cultural sites

* Native American treaty rights

The amount of detail presented for these ecosystem
services varies as a function of how much information is
available and can be interpreted in the context of climate
change. Many of the ecosystem services are also discussed
in other chapters of this assessment, including recreation
(Chapter 10), genetic diversity and biodiversity (Chapter 6),
protection from wildfire and floods (Chapter 9) and cultural
resources (Chapter 12). Most of the others are covered
to some extent in this chapter. Ecosystem services are
combined in a single section if all of them are likely to be
affected by the same changes in natural resource conditions.

Social Vulnerability and
Adaptive Capacity

Communities that have the social structure and resources
to adapt to one environmental impact generally have the
capacity to adapt to others. A growing literature on social
vulnerability seeks to identify which institutions, resources,
and characteristics make communities more or less resilient
to environmental hazards. This discussion addresses the first
part of social vulnerability—exposure to negative changes
related to specific ecosystem services and possible adapta-
tion strategies. The capacity to adapt to those changes often
depends on factors that transcend specific resources, so
capacity is addressed more broadly here.

The most widely used measure of social vulnerability is
the Social Vulnerability Index (SoVI), managed and updated
by the Hazards and Vulnerability Research Institute at the
University of South Carolina (Cutter et al. 2003). The SoVI
is based on 11 underlying factors identified to affect social
vulnerability: personal wealth, age, density of the built envi-
ronment, single-sector economic dependence, housing stock
and tenancy, race, ethnicity, occupation, and infrastructure
dependence. For each county in the United States, scores
based on these 11 factors are summed to form a composite
vulnerability score. To highlight counties with the most
“extreme” scores, composite scores are then converted to
standard deviations and mapped (fig. 11.1).

Figure 11.1 shows that most counties in the region fall
in the high to medium vulnerability range. A large factor
in the region’s vulnerability is its rural character. Among
the region’s counties, the average proportion of county
populations living in rural areas is 75.3 percent, compared
to a national average of 19.3 percent (all demographic data
in this section are based on the 2012 Census American
Community Survey). Rural counties tend to be reliant on
a single industry, have older populations, and have fewer
social resources (e.g., hospitals) than urban areas. Loss of
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youth is also a primary concern among ranching communi-
ties, where the younger generation is often reluctant to take
over the ranching business and more likely to move outside
the region. The oldest mean average age in the region is
found in Prairie County, Montana, where the mean age is
56. The average median age among the counties is 43.4, and
the low is 22 in Madison County, Idaho. Figure 11.2f shows
the proportion of each county over the age of 65. An aging
population and decline in youth in rural counties worries
many because of the potential loss of a traditional culture in
many Western communities.

The median household income of Region 1 counties
is $45,235, which is considerably lower than the national
average of $53,046. The high-income counties tend to be
in the eastern part of the region, with ties to the oil and gas
industry, and areas with high concentrations of recreation-
based industries. Income is lowest in the counties dependent
on grazing and timber.

Figures 11.2a and 11.2b show relatively widespread
unemployment and poverty in the region. Theodossiou
(1998) found employment is more important than income in
predicting life satisfaction. The region on average had an av-
erage unemployment rate in 2012 of 5.4 percent, which was
lower than the national average of 9.3 percent. Spatially, un-
employment follows median income closely, with counties
in the east having low unemployment and counties in the
west having high unemployment. A few counties have very
high unemployment, particularly in the timber-dependent
counties where jobs are concentrated among a few large
employers.

The service industry typically pays low wages, maintains
part-time positions, and does not pay benefits like retirement
and health insurance. Employment fluctuates with overall
economic conditions. For these reasons, workers in the
service industry can be vulnerable to economic fluctuations.
The mean percentage employed in the region’s service in-
dustry is 17.8. In some counties, more than 30 percent of the
labor force is employed in the service industry.

Many of the factors that make individuals more vulner-
able are compounded among migrants and minorities.

They tend to have fewer economic resources, lack political
power, and sometimes struggle with communication (fig.
11.2e) (Aguirre 1998; Blaikie et al. 1994; Fothergill and
Peek 2004; Morrow 1999; Phillips 1993; Phillips and
Ephraim 1992). Such factors make minorities less likely

to participate in disaster planning, be familiar with support
services, and have basic resources such as a vehicle for use
during an evacuation or to transport the injured and sick to
hospitals (fig. 11.2c). On average, the region has very few
foreign-born residents, 2.7 percent compared to a national
average of 12.9 percent. But a few counties have large
concentrations of migrant agricultural workers (fig. 11.2d).
Clark County, Idaho was home to more than 350 immigrants
though it had only 982 people in the 2010 census. Minorities
are also concentrated among a few counties. Between 39
and 56 percent of the populations in the Idaho counties in
the region are minorities, compared to a regional average of
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Social Vulnerability to Environmental Hazards

Saerhil Ve rnaity b A 10
Hewted on 115 Oenms N W Aaminiecan Do emurely Soreesy. 2082010

Figure 11.1—The Social Vulnerability Index (SoVI) to Environmental Hazards for U.S. Counties (managed and
updated by the Hazards and Vulnerability Research Institute at the University of South Carolina; Cutter et al.
2003). The SoV!I is based on 11 underlying factors identified to affect social vulnerability: personal wealth,
age, density of the built environment, single-sector economic dependence, housing stock and tenancy, race,
ethnicity, occupation, and infrastructure dependence. For each county in the U.S., scores based on these 11
factors are summed to form a composite vulnerability score. To highlight counties with the most “extreme”
scores, composite scores are then converted to standard deviations and mapped.

A
Figure 11.2—Demographic ——— ——
information for the Proportion Unemployed
No!‘therp Roclfles S o PP
region, including (a) ST
proportion unemployed, | 1

(b) proportion in poverty,
(c) proportion without a
vehicle, (d) proportion of
minorities, (e) proportion
with limited English skills,
and (f) proportion over
age 65.
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Figure 11.2—Continued.
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only 15.9 percent. In comparison, many counties in eastern
Montana and North Dakota have less than 5 percent minori-
ties. The predominant minority group in the region is Native
American in those counties with more than 56 percent of
their population from minorities.

Some of the regional trends in vulnerability and demo-
graphics are tied to traditional uses of the land and major
industries in the counties. Table 11.1 shows mean SoVI scores
by industry. Grazing communities tend to be older, poorer,
and more rural, so they score significantly higher on the SoVI
than communities without grazing. Communities dependent
on timber, oil and gas, and recreation have significantly lower
SoVI scores than other counties. Counties in the national
forest economic impact zones of Region 1 have higher SoVI
scores, though the difference is not significant (table 11.1).
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Table 11.2 shows the number of counties significantly
below or above the regional mean SoVI, by industry. Among
grazing counties, 54 counties have unemployment rates
significantly below the regional average of 5.4 percent and
18 counties have unemployment rates significantly above the
regional average (based on 95 percent confidence intervals).
Grazing counties tend to have the lowest median incomes, the
oldest populations, and the highest percentage of people liv-
ing in rural settings. Timber counties tend to have the highest
unemployment rates and the highest percentages of foreign-
born residents and minorities. Counties where many people
have recreation-based employment are among the least
vulnerable despite high employment in the service industry.
Counties with oil and gas tend to have lower unemployment
rates and higher wages than most places in the United States.
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Table 11.1—Mean Social Vulnerability Index scores across industries. Counties were ranked by industry shares for each industry
and separated into quartiles. Scores are first (on the left) compared scores for the lower and upper quartiles, then (on the right)
the lower and upper half of counties, sorted by shares of employment in that industry. Significance levels are shown by the
test statistics for comparison of the means and the associated p-values.

Lower Upper
quartile quartile Test statistic P-value Lower half Upper half Test statistic P-value
Timber 2.93 0.94 4.32 0.00 2.90 0.76 5.44 0.00
Grazing -0.20 3.69 -8.03 0.00 0.61 3.04 -6.37 0.00
Recreation 2.56 0.63 3.56 0.00 2.39 1.28 2.67 0.01
Oil & gas 2.45 1.68 1.38 0.17 1.94 1.74 0.47 0.64

Table 11.2—Number of counties significantly below and above regional means. Each row shows data for counties that are in the
top half of counties sorted by share of employment in that industry. For example, the “Grazing” row shows results for counties
for which grazing represents a larger share of total employment than half the other counties in the region.

Percent Median
Unemployment  employed in household
rate service industry income
(5.4%) 17.8%) ($45,235)

Percent Percent
Percent foreign population population
Median age born minority in rural areas
43.4) (2.7 %) (15.9%) (75.3%)

Below Above Below Above Below Above

Grazing 54 18 44 21 49 24
Timber 27 40 19 43 43 34
Recreation 37 36 18 44 41 32
Oil and gas 54 21 31 34 33 43

Below Above

Below Above Below Above Below Above

16 57 57 12 62 15 13 66
34 39 25 32 57 23 45 29
37 36 31 26 59 21 47 31
32 39 38 25 65 12 37 41

Ecosystem Service:
Water Quantity

Water use can be broadly classified as consumptive or
nonconsumptive. Water allocated to a consumptive use
is not available for other uses, whereas water allocated to
a nonconsumptive use is available for other uses. Most
economic uses of water have components of both consump-
tive and nonconsumptive uses. For example, a portion
of water applied to croplands is taken up by plants and
does not return to the waterways; this portion represents
consumptive use of water by the crop. The portion of water
applied to cropland that returns to the waterways via runoff
is the nonconsumptive portion. Major consumptive uses of
water in the Northern Rockies region include domestic and
municipal water supply, industrial use of water, and water
for oil and gas development (drilling and hydraulic fractur-
ing). Nonconsumptive uses of water in the region include
recreational uses (e.g., boating, maintaining fish habitat) and
hydroelectric power production. Most water in the Northern
Rockies is already appropriated, and many uses are tied to
junior water rights. Junior water rights can be exercised only
during high-flow years, so they are unreliable from season
to season or year to year. Any new uses of water require
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a transfer of water rights, increased water supply through
reservoir storage, or mining of groundwater.

A recent draft of the Montana State Water Plan (Montana
Department of Natural Resources and Conservation
[DNRC] 2014) details water use in Montana (tables 11.3,
11.4) and is representative of most of the Northern Rockies
region. Hydroelectric power generation (hydropower) ac-
counts for 86 percent of total water demand in Montana,
although hydropower is considered a nonconsumptive
use because it does not affect instream flow or total water
available downstream. However, reservoirs needed for hy-
dropower have high rates of water loss to evaporation. Fort
Peck Reservoir, in the lower Missouri River basin, annually
loses 611,400 acre-feet of water to evaporation.

The largest consumptive use of water in Montana is
irrigated agriculture, which accounts for 96 percent of all
water diversions and 67 percent of all consumptive use (ac-
counting for return flows). In the Yellowstone River basin,
irrigation accounts for 83 percent of consumptive use.

Due to the downstream location of fish and wildlife
habitat, preserving instream water for habitat often requires
explicit water rights. Montana Fish, Wildlife and Parks
maintains 3.6 million acre-feet of instream flow rights
downstream of Fort Peck Reservoir and below the Milk
River confluence with the Missouri River. The agency
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Table 11.3—Total water use in Montana?.

EFFECTS OF CLIMATE CHANGE ON ECOSYSTEM SERVICES IN THE NORTHERN ROCKIES REGION

Hydropower Reservoir Municipal, In-stream flow
Planning basin (non-consumptive)  Irrigation evaporation industrial, livestock (non-consumptive)
Percent
Statewide 86.0 12.4 1.2 0.5 0
Clark Fork / Kootenai River 94.4 4.7 0.5 0.4 0
Upper Missouri 88.0 11.2 0.5 0.3 0
Lower Missouri 39.4 19.5 6.0 0.3 35.0
Yellowstone River 24.5 23.0 0.4 1.4 50.7
a Data from Montana DNRC (2014).
Table 11.4—Consumptive water use in Montana.?
Reservoir Domestic &
Planning basin Irrigation evaporation municipal Livestock Industrial Thermo-electric
Percent
Statewide 67.3 28.0 2.4 1.2 0.3 0.8
Clark Fork / Kootenai River 67.0 27.0 3.9 0.5 1.2 0
Upper Missouri 82.2 13.7 3.0 0.9 <0.1 0
Lower Missouri 42.0 56.3 0.4 1.4 <0.1 0
Yellowstone River 83.3 7.2 2.8 2.1 0.3 4.2

a Data from Montana DNRC (2014).

maintains 5.5 million acre-feet of instream flow rights for
the Yellowstone River at Sidney. Although population is
increasing in the Western Rockies and Greater Yellowstone
Area subregions, water demand for urban uses has not
increased significantly; even in the most populated regions,
consumptive use by households is below 4 percent.

The share of any particular water use does not imply
anything about relative values of water among uses. The
marginal value of water in agriculture is typically lower than
the marginal value of water for municipal uses, particularly
in areas of recent population growth. Prices for municipal
uses are $290 to $3,145 per acre-foot, whereas prices for
leased agricultural water diverted for instream conservation
are $42 to $3,614 per acre-foot (Montana DNRC 2014). In
general, prices increase for more senior water rights and
when few other options for obtaining water exist in the
area. Current rates paid by agricultural users of water from
Bureau of Reclamation and Montana DNRC facilities are
$2.32 to $7.50 per acre-foot per year, or a capitalized value
of $76 to $244 per acre-foot. Accounting for delivery and
operating costs, the capitalized costs of agricultural water
range from $189 to $615 per acre-foot.

Effects of Climate Change

A warming climate is expected to cause a transition in
the form of precipitation from snow to rain (see Chapter

440

3), which will affect the timing of water availability (see
Chapter 4). Warmer temperatures will make drought more
frequent, despite small increases in precipitation shown in
some climate models; consequently, overall competition for
water will increase. This will amplify many of the effects of
population growth and demographic changes already occur-
ring. Agricultural and municipal users will experience major
impacts, making it more difficult to allocate instream flows
for recreation and wildlife.

Agriculture

Timing of snowmelt is a chief concern in the Columbia
and Missouri Basin headwaters (see Chapter 4). Earlier
runoff may be out of sync with many of the water rights cur-
rently held by agriculture, even as warmer months extend the
growing season. Future water quantities in North Dakota and
the eastern plains of Montana are likely to be more variable.

North Dakota has already seen an increase in regional
temperatures that has brought a mixture of impacts to
agriculture, the largest industry in the State. Wheat produc-
tion alone generates $4.5 billion annually in economic
activity (North Dakota Wheat Commission 2007). Warmer
temperatures and higher commodity prices have pushed
wheat and corn production into areas of the State where they
were not previously grown or where shorter-season varieties
dominated.
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Higher temperatures increase plant demand for water,
contributing to droughts even though the Grassland sub-
region is expected to see a slight increase in precipitation
(see Chapter 3). Drier soils and more-intense precipitation
events may increase flood frequency, leading to increased
dependence on tile drainage. In 2002, drought cost North
Dakota $223 million, and heavy rains in 2005 ruined more
than 1 million acres of cropland and prevented another 1
million acres from being planted. These heavy rains caused
$425 million in damage to North Dakota crops, and the
State’s livestock industry lost $32 million, largely from
the increased price of feed, which was in short supply
(Karetinkov et al. 2008). More droughts and intense tem-
peratures may also make plants more susceptible to insect
pests (Rosenzweig et al. 2000).

Domestic and Municipal Uses

If the frequency of drought and heavy rain events
increases, they will stress municipal water supply systems
and built infrastructure. Decreased permeability of soils
associated with drought conditions will also lead to more
flash floods, endangering lives and affecting water supply
systems and infrastructure. In regions with clay soils, in-
creased frequency of drought is already causing sidewalks,
driveways, and streets to crack. Although the cost of fixing
one sidewalk one time is relatively small, these persistent
costs add up and have been shown to cause large financial
burdens on communities.

Warmer months and growing populations will increase
demand for both air conditioning and lawn watering. There
will be a slight decrease in demand for heat, but net house-
hold demand for electricity is expected to rise. Therefore,
demands for water for power generation and other municipal
uses are expected to increase.

Recreation and Wildlife

The effects of climate change on skiing, boating, and
fishing are summarized in Chapter 10, and the effects of
wildfire are described in Chapter 8. Beyond effects men-
tioned in those chapters, it may become harder to preserve
instream flows even though demographic changes will in-
crease demand for such preservation. Particularly vulnerable
habitats include small streams in the mountains and highly
valued fisheries throughout the Northern Rockies.

Climate models suggest a drier climate will shift some
of the most productive waterfowl breeding grounds of the
northern prairie wetlands and pothole region (which produc-
es 50 to 80 percent of ducks in North America) to the wetter
eastern and northern fringes of the Northern Rockies, an
area where many wetlands have been drained. Unless these
wetlands are restored, bird populations will be significantly
affected (Johnson et al. 2005). Some estimates show that the
north-central duck population in the United States could be
reduced by 50 percent (Sorenson et al. 1998).

USDA Forest Service RMRS-GTR-374. 2018
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Adaptive Capacity

As noted earlier, adaptive capacity refers to institutional
capability to modify management, decisionmaking, and
policy to ensure sustainable production of ecosystem ser-
vices. Objectively assessing the capacity of the Northern
Rockies region to respond to changes in ecosystem services
is difficult, with little guidance in general from science and
no guidance specific to the region. This section, therefore,
mostly focuses on adaptation strategies.

Transfer of water rights from one use to another is legally
possible within the Northern Rockies region but is realisti-
cally constrained by the ability to transport water. Transfers
between agricultural and municipal uses, for example, can
occur only between users in the same watershed. Because
municipal values of water are usually higher than those of
agriculture, these transfers are likely to occur should the
need be dire enough.

Reuse of effluent and other conservation methods will
be important tools for adaptation. Groundwater pumping is
also available as a short-term solution, but is not sustainable
in the long run. These methods are expensive and will be
cost prohibitive for most rural communities in the Northern
Rockies. New municipal demands are more likely to be
met by purchasing or leasing reliable senior water rights
(Montana DNRC 2014). Water rights are still available in
some water basins, but these new appropriations are junior
in priority and not likely to be reliable enough for municipal
uses.

A drier climate in the central and western prairie pot-
hole habitats of the Grassland subregion will diminish the
benefits of preserving waterfowl habitat in that area and
increase the importance of restoring wetlands along the wet-
ter fringes (Johnson et al. 2005).

Risk Assessment

Compared to more arid regions of the western United
States, changes in water yield in the Northern Rockies
region are expected to be modest, although they may be
disproportionately large for local residents who experience
them (Foti et al. 2012). Changes in timing of runoff will
be significant. Climate and hydrologic models consistently
project changes in temperature and timing of runoff, making
the likelihood of these effects high.

Ecosystem Service: Water
Quality, Aquatic Habitats,
and Fish for Food

Compared to many areas of the United States, the
Northern Rockies region has excellent water quality. The
headwater streams of the region generally provide safe,
clean drinking water to downstream communities (fig. 11.3)
and provide habitat for some of the Nation’s premier
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Figure 11.3—Forests to Faucets data showing the relative importance of surface water for municipal water supply (top) and
forests for maintaining watershed health (bottom). The index depends on both the amount of water coming off forests and the
population served by that water. Higher numbers indicate higher levels of importance (from Weidner and Todd 2011).

recreational and commercial fisheries (see Chapter 10).
Fresh water is important to area tribes’ cultural practices,
including ability to exercise their indigenous fishing rights.
Nonetheless, many of the streams and lakes in the region
are already threatened or impaired according to U.S.
Environmental Protection Agency standards (tables 11.5,
11.6, 11.7). In all Northern Rockies States, agriculture is
the primary source of impairment in rivers and streams;
impairment results from grazing in riparian and shoreline
zones and from fertilizer sediment in runoff. In Montana,
grazing leads to loss of streamside vegetation and increased
sedimentation. Idaho has similar disturbances, but with
increased water temperatures as the primary reason for im-
pairment. In North Dakota, animal feeding operations add to
riparian grazing, causing unsafe levels of fecal coliform and
habitat alterations.

Major causes of impairment for lakes, reservoirs, and
ponds differ between States. Runoff from roads and bridges
is a problem in Idaho, leading to high levels of phosphorus
and mercury. In Montana, abandoned mines can cause ac-
cumulation of mercury and lead. In North Dakota, grazing
and animal feeding operations can produce levels of fecal
coliform that can contaminate water bodies.
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For municipal water supplies, disturbances such as
wildfires and mudslides are a major concern (see Chapter 8)
(fig. 11.4). Due to the generally high water quality in the
region, water treatment plants are able to operate with
lower capital investments. When there are sudden increases
in sediment or other pollutants, such as often occurs after
a wildfire, treatment plants need to shut down or incur
high costs to treat the water and remove sediment from
TeServoirs.

Some Northern Rockies residents worry about the
effects of increased oil and gas extraction activities on wa-
tershed health. Groundwater contamination in northeastern
Montana near the Fort Peck Indian Reservation has been
linked to development of the East Poplar oilfield (Thamke
and Smith 2014). Groundwater is the only source of
drinking water in the area, and contamination has affected
drinking water quality. Oil spills in the Yellowstone River
(2011, 2015), a pipeline leak near Tioga, North Dakota
(2014), and train derailments in Lac Megantic, Quebec
(2013) and near Lynchburg, Virginia (2014) highlight the
dangers to watersheds surrounding oil and gas fields, even
if the activity that caused contamination does not occur in
the watershed.
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Table 11.5—Threatened and impaired waterways in Montana.2  Table 11.6—Threatened and impaired waterways in ldaho.?

Lakes, . Lakes:
. K Rivers and  reservoirs,
Rivers and  reservoirs,
streams and ponds
streams and ponds
se Percent
Use Percent
. Cold wat tic life 52.5 91.3
Agriculture 14.3 22.1 old waler aquatic e
Aquatic life 83.6 76.7 Primary contact recreation 18.3 2.6
L. Sal id i 45.9 86.0
Drinking water 293 65.5 aimonid spawning
. . W. t tic lif 68.0 99.4
Primary contact recreation 38.7 13.5 arm water aquatic fite
Domestic water supply 3.2 0
Causes of impairment Seasonal cold water aquatic life 0 100
Rivers and streams Miles Secondary contact recreation 15.3 97.0
Alteration in streamside or 8,352 Causes of impairment
littoral vegetation Rivers and streams Miles
Sedimentation, siltation 7,456 Temperature, water 18.494
Phosphorus 5,091 Sedimentation, siltation 14,988
Low flow alterations 4,936 Phosphorus 6.017
Nitrogen total 4,846 Escherichia coli 4,480
Lakes, reservoirs, and ponds Acres Combined benthic. fish 4306
Mercury 311,192 bioassessments
Lead 246,950 Other flow regime alterations 3,877
Phosphorous, total 73,324 Lakes, reservoirs, and ponds Acres
Sedimentation, siltation 69,411 Phosphorus 146,576
Nitrogen, total 68,354 Mercury 121,329
Other flow regime alterations 84,682
Sources of impairment Sediment, siltation 80,169
Rivers and streams Miles Dissolved oxygen 77473
Agriculture 6,000 Sources of impairment
Grazing in riparian or 2,862 Streams and rivers Miles
shoreline zones o .
lrrigated crop production 4,570 Grazing in riparian or shoreline 2,230
zones
Natural sources 4,518 Rangeland grazing 1,782
Source unknown 4,223 Livestock (grazing, feeding) 1,152
Lakes, reservoirs, and ponds Acres Flow alterations from water 643
Impacts from abandoned mine 279,490 diversions
lands Loss of riparian habitat 608
Atmospheric depOSitiOn - 250,570 Managed pasture grazing 561
toxics Lakes, reservoirs, and ponds Acres
H[zg;;zg;[)tom sediments (not 237,654 Highways, roads, bridges, 340
ioal o infrastructure
ML:jr?chpa point source 97,542 Post-development erosion and 340
Ischarges sedimentation
Source unknown 86,868 Natural sources 340
0 Data from U.S. Environmental Protection Agency (2016). Agriculture 340
Loss of riparian habitat 340

2 Data from U.S. Environmental Protection Agency (2016).
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Table 11.7—Threatened and impaired waterways in North

Dakota.?
Lakes,
Rivers and reservoirs,
streams  and ponds
Use Percent
Agriculture 0 0
Fish and other aquatic biota 16.6 0.1
Fish consumption 80.8 81.3
Industrial 0 0
Municipal and domestic 0 0
Recreation 27.2 0.9
Causes of impairment
Rivers and streams Miles
Fecal coliform bacteria 3,820
Physical _substrate habitat 2423
alterations
Escherichia coli 1,882
Sedimentation, siltation 1,783
Combined benthic, fish
: 604
bioassessments
Lakes, reservoirs, and ponds Acres
Fecal coliform bacteria 3,820
Physical §ubstrate habitat 2,423
alterations
Escherichia coli 1,882
Sedimentation, siltation 1,783
Combined benthic, fish
: 604
bioassessments
Sources of impairment
Rivers and streams Miles
Grazing in riparian or 5,797
shoreline zones
Animal feeding operations 3,909
Crop production (crop land or 2,549
dry land)
Loss of riparian habitat 2,415
Source unknown 1,148
Lakes, reservoirs, and ponds Acres
Grazing in riparian or 5,797
shoreline zones
Animal feeding operations 3,909
Crop production (crop land or 2,549
dry land)
Loss of riparian habitat 2,415
Source unknown 1,148

@ Data from U.S. Environmental Protection Agency (2016).
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Effects of Climate Change

Climate change will influence water quality in ways that
affect fishing, water-based recreation, and drinking water.
Climate change will amplify the effects of development on
water quality already occurring in the Northern Rockies
region. Increased number and severity of wildfires will lead to
deposition of more sediment in streams, lakes, and reservoirs.
Increased air temperature and loss of vegetation along stream
banks will raise the temperature of streams, and altered veg-
etation may affect water filtration and flow rate. Lower water
quality may affect municipal water supplies, water-based
recreation, and ecosystem services tied to the health of fish
and wildlife and associated aquatic systems.

Warming air temperature due to climate change and loss
of streamside vegetation due to development, grazing, and
agriculture in the riparian zone will cause water temperatures
to increase. Temperature is a significant abiotic factor influ-
encing physiology, bioenergetics, behavior, and biogeography
because most aquatic organisms are ectothermic (Rahel
2002; Sweeney et al. 1992). Some native fish species, such
as bull trout (Salvelinus confluentus), are extremely sensitive
to warm water, whereas some nonnative species can tolerate
higher temperatures (see Chapter 5). The biggest and earliest
temperature increases are likely to occur in fish habitats at
lower elevations; consequently, these habitats will be the most
vulnerable to shifts in species composition and distribution.
The response of microbial and aquatic invertebrate communi-
ties to a warming climate and altered hydrologic patterns is
poorly understood. Native fish species with high ecological
plasticity will be able to withstand some environmental
change by altering life history timing or distribution patterns.
But the magnitude and rate of change will overwhelm species
with narrow ecological niches or limited ability to withstand
competition from nonnative species. In the Northern Rockies
region, these more-vulnerable species include bull trout
(Salvelinus confluentus) and cutthroat trout (Oncorhynchus
clarkii).

Effects of climate change on fish are summarized in
Chapter 5, and effects on recreational fishing are summa-
rized in Chapter 10. Additional effects are likely to occur to
culturally important fisheries. For example, the Nez Perce
Tribe maintains fishing rights within the boundaries of its
reservation and traditional fishing grounds, which include the
mainstem of the Columbia River. Hydropower and stream
modification have already significantly affected salmon and
steelhead (O. mykiss) fisheries (Smith et al. 2002; Wagner et
al. 2004; Williams et al. 2001). Climate change is expected to
amplify these impacts, leading to decreased fish abundance
and increased emphasis on conservation programs.

Threats to municipal watersheds from wildfire and in-
sects are expected to increase considerably (see Chapter 8).
Climate models project higher precipitation for the region and
more frequent occurrence of storm events (see Chapter 3).
These changes will potentially increase sedimentation in riv-
ers and reservoirs, increase water treatment costs, and require
expensive dredging in reservoirs to maintain water storage.

USDA Forest Service RMRS-GTR-374. 2018
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Figure 11.4—Wildland fire threat to forests and importance to surface drinking water. Higher numbers indicate higher risk of

wildland fire (from Weidner and Todd 2011).

Warming has already led to expansion of agriculture
in some areas of the western United States, including the
Northern Rockies region. Higher precipitation could lead to
increased dependence on tile drainage and increased levels
of pollutants in waterways. Increased occurrence of drought
would have the exact opposite effect. Expansion of agricul-
ture would generally cause reduced water quality, but the
net effects of both—more flooding and more drought—are
uncertain (Warziniack 2014).

Many of the effects on water quality will be magnified if
water quantity also falls substantially. Lower flows have been
linked to increases in water temperature, eutrophication, and
increases in nutrients and metals. Lower flows imply less
water to dissipate solar radiation and dilute pollutants already
in the water (Allan and Castillo 2007; Murdoch et al. 2000;
Poole and Berman 2001; van Vliet et al. 2011). Low flows
also increase the likelihood of eutrophication in nutrient-rich
bodies of water (Conley et al. 2009; Schindler et al. 2008;
Vollenweider 1968).

Adaptive Capacity

Restoration of streams, wetlands, and riparian areas may
help stabilize temperatures in some locations, but in the long
term, investments in water treatment infrastructure will be
needed if sediment increases substantially or if large distur-
bances become more frequent. Enhancing fish populations
through hatcheries is already occurring, and such human in-
tervention may become more important in the face of climate
change. Other adaptation strategies for aquatic species and
water-based recreation are described in chapters 5 and 10.

Risk Assessment

The effects of increased fire frequency on municipal water
supplies will be large, and are likely to be amplified by an
increasing population reliant on surface water. Altered timing
of precipitation and frequency of flooding may affect erosion
rates (Sham et al. 2013). Given current knowledge gaps about
the response of a species to climate change, it is difficult to

USDA Forest Service RMRS-GTR-374. 2018

provide a quantitative risk assessment. For example, a large
portion of currently suitable habitat for native trout species
could disappear in the Northern Rockies region by 2100
(Isaak 2012). This would be an example of a high-magnitude
effect for ecosystem services and aquatic species.

The likelihood of effects on municipal water supplies is
high, and is already occurring in some regions of the western
United States. Sedimentation from severe wildfires in areas
where fire has been excluded for many decades may cause
more impacts than climate change. Nonetheless, climate
change is expected to exacerbate these effects. Given the
high levels of diversity and variability in how aquatic habitats
will respond to a changing climate, it is difficult to quantify
the likelihood of effects for these ecosystem services. Low-
elevation habitats are expected to be affected the most and
soonest, resulting in a high likelihood for a shift in ecosystem
services in aquatic systems. High-elevation aquatic envi-
ronments may be buffered by the influence of altitude on
temperature, resulting in a lower likelihood of effects, at least
in the near term.

Ecosystem Service: Building
Materials and other
Wood Products

Timber used for wood products is a provisioning eco-
system service. Much of the timber is exported from the
Northern Rockies region, so the most important aspect of
timber is its ability to provide jobs, particularly in rural com-
munities. The timber industry also helps maintain a labor
force capable of doing forest restoration work.

A timber processing area for the USFS Northern Region
is defined by counties with processing facilities that receive
timber from counties containing non-reserved timberland in
the region (primarily located in Idaho north of the Salmon
River and in Montana) (Mclver et al. 2013). Timber process-
ing spans 12 Idaho counties, 26 Montana counties, and 4
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Figure 11.5—Primary area where timber is processed from national forests in the U.S. Forest Service Northern Region.

Washington counties (fig. 11.5). More than 95 percent of
timber harvested from regional forests is processed by mills
in northern Idaho and Montana. In 2011, Idaho and Montana
contained 160 timber processing facilities including sawmills
(73), house log/log home facilities (42), manufacturers of
log furniture (18), post and small pole producers (18), cedar
products producers (4), plywood and veneer plants (4), and

a utility pole producer. More than 97 percent of timber is
processed in sawmills, and 91 percent of timber processed is
from trees with diameters greater than 10 inches. The propor-
tion of timber processed in sawmills is up from 80 percent
reported in Keegan et al. (2005).

Timber and forest products are dominant economic forces
in the Northern Rockies region, with forest products (as de-
fined by U.S. Department of Labor, Bureau of Labor Statistics
[n.d.]) accounting for 23 percent of direct manufacturing
employment in Montana (Mclver et al. 2013) (table 11.8).
Historically, much of the timber harvested in the area has
come from national forests, although that share has decreased
greatly. In 1979, 46 percent of timber harvested in Idaho came
from national forests; by 2006 that share was only 7 percent
(Brandt et al. 2012). Table 11.8 shows the sold volume for the
Northern Rockies for the past two decades. Timber removal
has varied over time in response to changing market and
policy conditions, but the past decade has been particularly
difficult for the timber industry.

Timber harvests have decreased since the late 1980s
on national forests throughout the Nation due to changing
economic conditions, environmental policies, and litiga-
tion against public agencies. The easily accessible larger
tree stock has mostly been cut, increasing timber costs and
decreasing profits. Increased housing starts spurred a slight
recovery from 2003 through 2005, but the recession that
followed led to the worst wood products markets since the
Great Depression (Keegan et al. 2012). Between 2005 and
2009, employment in the wood products industry declined 29
and 24 percent in Idaho and Montana, respectively. Most of
these losses were in the forestry and logging industries, for
which employment declined 33 and 37 percent in Idaho and
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Montana, respectively (Bureau of Economic Analysis data,
from Keegan et al. 2012).

Mills in the region are the major employer for some small
communities, making the effects particularly pronounced in
a few places. At the height of the downturn in 2008, initial
unemployment claims in the wood products industry were
more than 3,400 in 39 mass layoffs. Across the West, there
were 30 percent fewer mills operating in 2009—2010 than
in 2004-2005, a 27-percent decrease in timber-processing
capacity (Keegan et al. 2012).

Timber jobs have generally been declining in the Northern
Rockies region, whereas nontimber jobs have generally been
increasing (fig. 11.6). These data include jobs in growing
and harvesting, sawmills and paper mills, and wood products
manufacturing. In 1998, there were 17,076 jobs in the timber
industry, but in 2012, there were only 9,531 jobs, a 44-percent
decrease. At the same time, nontimber employment increased
from 287,163 to 350,929 jobs, a 22.2 percent increase.

The absolute number of timber jobs has declined while the
number of nontimber jobs has increased, so the proportion
of employment in timber has decreased substantially, from 6
percent in 1998 to 3 percent in 2012.

However, regional trends in timber employment dif-
fer within the Northern Rockies region (table 11.9). The
Western Rockies subregion, which includes the Idaho
Panhandle, Kootenai, and Nez Perce-Clearwater National
Forests, has the highest proportion of employment in the
timber industry, accounting for 5 percent of private employ-
ment in 2012. Benewah County, Idaho has 32 percent of
private employment in timber, the highest in the subregion.
Employment in the timber industry has decreased most in the
Western Rockies subregion, with 7 of 15 counties (Asotin,
Washington; Bonner, Idaho; Clearwater, Idaho; Kootenai,
Idaho; Lincoln, Montana; Pend Oreille, Washington; and
Sanders, Montana) losing more than half of their timber-
related jobs between 1998 and 2012. Only one county in the
subregion (Idaho County, Idaho) increased employment in
the timber industry (18 percent). Some counties in the Central
Rockies and Eastern Rockies subregions have increased
employment, but these are counties with a low proportion of

USDA Forest Service RMRS-GTR-374. 2018
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Table 11.9—Employment in the timber industry, by county and region, 2012.2
Total private Timber Employment in  Change in timber employment,

County employment employment timber (%) 1998-2012 (%)

All subregions 365,255 9,531 2.6 -44

Western Rockies subregion 112,143 6,511 5.8

Asotin County, WA 4,605 9 0.2 -95

Benewah County, ID 2,130 677 31.8 -25

Bonner County, ID 10,972 401 3.7 -70

Boundary County, ID 2,239 410 18.3 -3

Clearwater County, ID 1,896 358 18.9 -59

Idaho County, ID 3,165 386 12.2 18

Kootenai County, ID 44,080 913 2.1 -52

Latah County, ID 8,398 349 4.2 -11

Lewis County, ID 717 132 18.4 -47

Lincoln County, MT 3,771 191 5.1 -79

Nez Perce County, ID 16,061 1,693 10.5 -13

Pend Oreille County, WA 1,403 83 5.9 -67

Sanders County, MT 1,910 122 6.4 -55

Shoshone County, ID 4,183 94 2.2 -28

Stevens County, WA 6,613 693 10.5 -30

Central Rockies subregion 110,451 2,374 2.1

Flathead County, MT 31,316 977 3.1 -45

Glacier County, MT 2,205 1 0.0 0

Lake County, MT 5,121 119 2.3 -51

Mineral County, MT 895 231 25.8 175

Missoula County, MT 47,885 574 1.2 -69

Powell County, MT 1,024 243 23.7 37

Ravalli County, MT 8,522 220 2.6 -69

Silver Bow County, MT 13,483 9 0.1 125

Eastern Rockies subregion 114,783 595 0.5

Beaverhead County, MT 2,234 9 0.4 -40

Broadwater County, MT 790 178 22.5 78
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Table 11.9—Continued.

Total private Timber Employment in  Change in timber employment,

County employment employment timber (%) 1998-2012 (%)
Carbon County, MT 2,169 3 0.1 50
Cascade County, MT 29,168 25 0.1 19
Chouteau County, MT 723 4 0.6 0
Fergus County, MT 3,291 9 0.3 -89
Gallatin County, MT 37,409 103 0.3 -59
Granite County, MT 481 47 9.8 -69
Jefferson County, MT 1,679 34 2.0 89
Lewis and Clark County, MT 23,623 48 0.2 129
Madison County, MT 1,943 10 0.5 67
Meagher County, MT 268 4 1.5 -73
Park County, MT 4,394 86 2.0 -28
Powder River County, MT 329 0 0.0 -100
Rosebud County, MT 2,562 0 0.0 -100
Stillwater County, MT 2,683 35 1.3 -58
Sweet Grass County, MT 1,037 0 0.0 -100
Greater Yellowstone Area subregion 26,609 50 0.2

Fremont County, ID 1,429 19 1.3 -75
Park County, WY 9,876 25 0.3 -36
Teton County, WY 15,304 6 0.0 100
Grassland subregion 1,269 1 0.1

Carter County, MT 184 0 0.0 -100
Harding County, SD 402 1 0.2 0
McHenry County, ND 683 0 0.0 0

4 Source: U.S. Department of Commerce (2014).

jobs in the timber sector, so a small number of new jobs have  short term through salvage of dead and dying trees. Climate

a disproportionate effect. change will result in larger, more frequent fires and a
longer fire season. Increased fires may increase demand for
Effects of Climate Change fuels treatments, either through timber harvests or through
S mechanical and manual thinning that uses the timber labor
Although temperature and precipitation may affect force and infrastructure. Although this may affect the avail-
vegetation in the Northern Rockies region, the direct effect ity of harvestable wood products, the overall effect on
of climate on timber production is expected to be small. timber-related jobs would be relatively small.

More important to the timber industry are the economic and
policy changes that affect demand for forest products and

timber quotas for national forests. The primary effects of Forest Products (Commercial Use)

climate change on timber will occur through the effects of The provision of commercial timber from national forests
temperature on disturbance and to a lesser extent on growth  could be affected by altered temperature and precipitation.
and productivity (see chapters 7 and 8). Effects on the distribution and abundance of vegetation

The primary sensitivities of timber resources associated are expected to vary widely by species and location (see
with climate change are wildfire, insects, and disease. Forest ~ Chapter 6). Although overall wood production is projected
growth is expected to be lower in areas that experience to increase, the proportion of sawtimber (combining both
higher temperature and decreased precipitation (Ryan et softwoods and hardwoods) is somewhat larger with climate
al. 2008) (see Chapter 7). In addition, warmer winters and change in all scenarios, species, and regions. This shift in
associated freezing and thawing may increase forest road product mix reflects the effects of accelerated growth on
erosion and landslides, making winter harvest more difficult  rotation age, which is lengthened in the long term for all
and expensive, and potentially reducing the timber supply regions and species. With longer rotations come larger vol-
(Karl et al. 2009). Reduced snowpack may promote insect umes of sawtimber relative to pulpwood (Irland et al. 2001).

or disease outbreaks, although harvests could increase in the
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Although direct effects of elevated temperature on tree
growth rates can be positive (e.g., through lengthening the
growing season), associated soil water deficits will prob-
ably occur in most locations except in the high elevations.
Tree responses to soil water deficits vary among species as
a result of differences in tree physiology and morphology.
Within species, drought sensitivity of trees is usually largest
in seedlings. Mortality can result directly from water stress
or indirectly from insects and pathogens, and vulnerability
of trees to more frequent outbreaks may increase during
periods of water deficit (Kardol et al. 2010). Climate-driven
changes in instream flow are likely to reduce abundance of
early successional tree species, favor herbaceous species
and drought-tolerant and late successional woody species
(including introduced species), reduce habitat quality for
some riparian animals, and slow litter decomposition and
nutrient cycling (Perry et al. 2012).

Although direct effects on tree growth will vary by
species and climate change scenario, one study observed
that productivity and timber inventories will increase while
timber prices decrease (Irland et al. 2001), the result of an
adaptive timber market. Adaptation in U.S. timber and wood
product markets is expected to offset some potentially nega-
tive effects of climate change. In the United States, lumber
and plywood production increases under all scenarios, and
pulpwood production decreases under some scenarios.
Overall, consumers and mill owners would benefit from
climate change, whereas landowners may have reduced
economic benefits (Irland et al. 2001).

Markets generally adapt to short-term increases in mor-
tality by reducing prices, salvaging dead and dying timber,
and replanting new species that are favorably adapted to the
new climate. Salvage during dieback ranges from 50 to 75
percent, depending on management intensity. Total benefits
to producers plus consumers rise in all scenarios considered.
Market adaptation can reduce or reverse potential forest
carbon fluxes in the United States (Irland et al. 2001).

New technologies represent another method of adapting to
climate change. For example, new adhesives have led to
new classes of wood panels and composites, which have
displaced older products. These new products often enable
the industry to draw on more abundant species of trees

that are also closer to end-use markets. New technologies
have also helped mills produce more product value from a
given tree. If this trend continues, the forest-based economy
will be more resilient if forest dieback occurs in the future
(Irland et al. 2001).

Adaptive Capacity

Adaptive capacity will depend on the ability both to
manage the natural resources (maintaining healthy forests)
and to adapt to economic forces. Management actions may
be able to mitigate drought stress and soil water deficits,
moderating some of the effects of climate change. Land
managers also have the option to conduct fuels treat-
ments, which help decrease the probability of large, severe
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wildfires, and to salvage burned or insect-killed timber be-
fore it loses market value. Timber management can improve
forest resistance and resilience to stressors in areas identified
for treatment, usually in the portions of the forest that con-
tain roads. Timber management is a relatively slow process,
requiring 50 or more years from regeneration to harvest.
Therefore, timber management cannot respond quickly to
potential threats; it serves more as a long-term modification
of forest composition and structure by helping the landscape
gradually become more resistant and resilient. The wood
products industry may also be able to adapt to changing
conditions by using alternative species, changing the nature
or location of capital and machinery, changing reliance on
imports or exports, and adopting new technologies (Irland
et al. 2001). Developing capacity within the industry to take
advantage of emerging products will be important, though
the most resilient communities will be those that diversify
their economic bases, effectively reducing their exposure to
adverse impacts to the timber industry.

Risk Assessment

In summary, the magnitude of effects for wood products
is expected to be large, but mostly from nonclimate forces.
The likelihood of effects is moderate, again from nonclimate
forces. But it is uncertain how climate will affect forest
disturbances, which could have a more dominant influence on
timber supply.

Ecosystem Service:
Mining Materials

Minerals are provisioning ecosystem services, but their
primary role in the region is as an economic driver, providing
jobs and incomes. Mineral development is important through-
out the Northern Rockies, but particularly in northeastern
Montana and northwestern North Dakota. In some counties,
oil and gas development represents a third of total income
to residents. According to 2012 IMPLAN data (MIG 2012),
the percentages of total county income directly from the oil
and gas sector are: Fallon County, Montana—33 percent;
Williams County, North Dakota—32 percent; Slope County,
North Dakota—29 percent; Dunn County, North Dakota—26
percent; Stark County, North Dakota—23 percent; Mountrail,
North Dakota—22 percent; McKenzie, North Dakota—21
percent. Most of this income comes from the Bakken
Formation, which lies under parts of North Dakota, Montana,
and Saskatchewan. At full development (about four wells
per square mile), the formation is expected to be the Nation’s
largest oilfield (Mason 2012).

The main stressors from oil and gas development are
effects on other ecosystem services, such as water quality
(discussed earlier). Traffic from trucks and heavy machinery
also increases the risk of introducing nonnative species to sur-
rounding rangelands (see Chapter 7).

USDA Forest Service RMRS-GTR-374. 2018
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Effects of Climate Change

Climate is not likely to directly affect minerals, but it
is included in this assessment due to its prominence in the
region and because of its potential to conflict with other
ecosystem services. Power generation, oil and gas devel-
opment, and mineral extraction are major users of water.
Increased mudslides and fires may threaten oil and gas
infrastructure, which would in turn threaten the ecosystem
services that are collocated with mineral development.

Regional centers of oil and gas draw people from
all over the country looking for high-paying jobs.
Competition for workers in the oilfields causes wages in all
other sectors of regional economies, including traditionally
low-wage jobs in the service industry, to rise. If climate
adversely affects other economic sectors, job opportuni-
ties in mining and energy will become more important.
Climate change could affect the oil and gas infrastructure,
but nonclimatic drivers will be more important, including
international prices for oil and gas, national climate policy,
and regional concerns about threats to watersheds.

Adaptive Capacity

Global economic forces primarily drive the oil and gas
industry. Oil and gas development potential determines
where drilling activity takes place, and regional growth
occurs so quickly that communities respond to rather than
plan for such development. Adaptive capacity is either
not applicable to this ecosystem service or limited from
the perspective of economic development. The most suc-
cessful mineral-based economies are those that are able to
collect some of the resource rents from drilling and invest
them back into the community, extending prospects for
long-term economic growth (Kunce and Shogren 2005).
Oil and gas development is subject to booms and busts,
and the most resilient communities are those that invest
resource rents into efforts to diversify the economy.

Risk Assessment

Climate change is not expected to have significant
effects on industries based on extraction of minerals and
energy. The magnitude of effects is expected to be large

EFFECTS OF CLIMATE CHANGE ON ECOSYSTEM SERVICES IN THE NORTHERN ROCKIES REGION

from nonclimate forces, and the likelihood of effects is
expected to be moderate from nonclimate forces.

Ecosystem Service: Forage
For Livestock

The Northern Rockies region contains 158 million acres
of rangeland. More than 85 percent of these rangelands are
privately held; 43 percent of rangeland in the USFS Northern
Region economic impact area is in Montana, which ranks
third in the Nation, behind Texas and New Mexico, in non-
Federal rangeland area. Of the Federal rangeland, 8.5 million
acres are BLM lands, of which 8 million acres are in Montana
(USDOI BLM n.d.). A variety of economic uses for rangeland
exist in the Northern Rockies region, but grazing cattle is
by far the largest. Almost all counties in the region have
shares of total income derived from cattle above the national
average, with some counties in Montana and the Dakotas
having more than 100 times the national average (MIG 2012
IMPLAN data).

Cheatgrass (Bromus tectorum) and other nonnative
plants have become a major nuisance throughout western
rangelands, significantly reducing usable forage. The Nez
Perce-Clearwater National Forest assessment (USDA
FS 2014) states that forage has decreased in some places
(table 11.10). Human modification has also converted range-
land to other uses (Reeves and Mitchell 2012). Between 1982
and 2007, Montana lost about 900 acres of rangeland, 3,100
acres of Conservation Reserve Program land, and 30 acres of
cropland. This pattern of loss is consistent across the region,
with the exception of small gains in pasture in Montana and
Idaho (table 11.11). Rangeland losses in the West have been
caused by agricultural development (17.0 percent), resource
extraction (7.4 percent), and residential development (5.8
percent) with much smaller losses to mixed use, recreation,
and transportation (Reeves and Mitchell 2012).

Rates of land conversion exceed population growth.
Nationally, between 1945 and 1992, one additional person
led to about half an acre converted to urban use; between
1992 and 1997, the rate reached 1.2 acres per additional
person (DeCoster 2000). Human modification and frag-
mentation of rangelands have potential consequences for

Table 11.10—Unsuitable land area in the Christie Creek and Sherwin Creek allotments in the Nez Perce-Clearwater
National Forest, including forage production reduced from conversion of desirable vegetation to “weedy”

species.?
Allotment Pasture Unsuitable land area Forage reduced
Acres Animal unit months

Christie Creek Rhett 83 11

Christie Creek 106 11

Deer Creek 151 20

Sherwin Creek Lower Center Ridge 238 32

Total 578 74

a Source: USDA FS (2014).

USDA Forest Service RMRS-GTR-374. 2018
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Table 11.11—Changes in non-Federal rangeland area, 1982-2007.2

Net change
Conservation Rangeland
Reserve Change threatened
Program Crop Historic from historic by residential
Rangeland Pasture land land rangeland rangeland development
Thousands of Thousands of
Acres acres Percent acres
Montana -897.8 671.6 -3,084 -28.8 67,604 -24 28
South Dakota -784.8 -556.2 -245 1.6 45,924 -52 46
North Dakota -507.4 -5.8 -3,034 85.1 43,214 -71 29
Idaho -177.6 103.4 -1,154 94.6 29,763 -20 77
Wyoming 221.0 -178.0 -458 10.0 49,306 -8 13

a Source: Reeves and Mitchell (2012).

the socioeconomic sustainability of rural communities,
including loss of rural character, loss of biodiversity,
difficulty in managing interconnected lands for grazing,
threats to watershed health, limited outdoor opportunities,
compromised viewscapes, loss of native species, changes
in disturbance regimes, and increased spread of nonnative
species.

Effects of Climate Change

Warmer temperatures and increased precipitation are
expected to increase productivity of rangelands (Reeves
and Mitchell 2012) (see Chapter 7), and increased regional
population will lead to fragmentation of rangelands. Arid
grasslands are likely to show a short-term response in spe-
cies richness to altered precipitation due to the prevalence
of annual species (Cleland et al. 2013). Carbon dioxide
(CO,) enrichment may alter the relative abundance of
grassland plant species by increasing the production of
one or more species without affecting biomass of other
dominant and codominant species. This favored-species
pathway to species change is the most frequently reported
mechanism by which CO, affects grassland communities
(Polley et al. 2012).

Cattle stocking rates in the Northern Rockies region
remain at or below current capacity of the land to support
livestock (Reeves and Mitchell 2012), with few counties
experiencing forage demand above current forage supply.
In the long term, longer and wetter growing seasons would
probably make rangeland more productive. The greatest
threat to grazing from climate change may be increasing
rates of spread of nonnative weeds and changes in fire
regime (Maher 2007). Fire itself makes ranch planning
difficult. Loss of access to grazing areas, on both private
and public lands, requires emergency measures such as
the use of hay, which can financially devastate ranchers
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already operating with thin margins. Across all range-
lands, increased fire in the future has the general effect

of converting more lands to invasive monocultures (e.g.,
cheatgrass, red brome [B. rubens]). Fire also kills shrubs,
increasing the prevalence of grasses and herbs, which can
reduce structural and floristic diversity. The net effect is a
narrowing of options for ranch income diversification (e.g.,
loss of quail [Oreortyx pictus] habitat and loss of Rocky
Mountain mule deer [Odocoileus hemionus hemionus]
winter range).

Adaptive Capacity

Human modification of rangelands and associated
fragmentation are driven by opportunities for economic
growth, as land is converted to higher value uses.
Conversion of rangeland to residential development has
brought new populations, higher incomes, and higher tax
bases to rural communities, creating what has been called
the “New West” (Riebsame et al. 1997). During the 1990s,
67 percent of counties in the Rocky Mountains grew faster
than the national average (Beyers and Nelson 2000).
Natural amenities in the Northern Rockies region are often
touted as an economic asset (Power 1998; Rasker 1993).
Economic growth without preservation of these assets is
not likely to be sustainable.

Risk Assessment

The magnitude of effects on rangeland reflected in
potentially large increases in productivity will be high,
but given that forage supply exceeds demand, the effect
on grazing will be small. Effects of invasive species and
development may be large. The likelihood of effects is
high, given that change is already being observed and that
these trends are likely to persist. Loss of rural character is
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a concern, but it is not likely that the region will become
heavily urbanized in the foreseeable future.

Ecosystem Service:
Viewsheds And Clean Air

Air quality is an important ecosystem service that can
be altered by changes in vegetation composition and tree
responses to climate change. For example, tropospheric
ozone (O3), air pollution episodes, plant sensitivity to air
pollutants, and release of pollen all affect the provision of
air quality by forests.

The Northern Rockies region generally has excep-
tional air quality, although a few counties in the region
regularly have days with poor air quality (American
Lung Association® 2015), and some areas are subject
to wintertime inversions that trap air pollutants. During
these inversions, wood-burning stoves used to heat homes
become a major source of air pollution. In the summer,
smoke from wildfires settles in valleys, leading to poor air
quality. Counties in Idaho are often affected by burning of
crop residues, and smoke can get trapped or settle into val-
leys, where it persists until strong winds clear the air. Major
sources of air pollution in North Dakota include coal-fired
power plants, oilfield emissions, and vehicle traffic in the
mineral-rich areas of the State. However, the North Dakota
topography does not contain any features that would trap
pollutants, so air quality is generally good throughout the
State.

A large percentage of Northern Rockies residents are in
demographic groups (e.g., elderly, poor) that are sensitive
to poor air quality. Almost 1 in 10 adults in the region have
asthma (Centers for Disease Control and Prevention 2009).
As more and more young people leave rural communities
for more-urban settings, sensitive populations are left iso-
lated in rural areas that often lack the health facilities needed
to accommodate an aging, ailing population.

Effects of Climate Change

Air quality can decline rapidly during a wildfire, and
increased frequency of wildfires will affect viewsheds and
air quality. Extended fire seasons will affect both scenery
and air quality, with detrimental effects to human health.
Analyses of the effects of climate change on air pollution
in general have shown that climate change will increase the
severity and duration of air pollution episodes (Bedsworth
2011). Climate change may affect distribution patterns and
mixtures of air pollutants through altered wind patterns
and amount and intensity of precipitation. The intensity
of precipitation determines atmospheric concentration
and deposition of acidifying compounds, potentially alter-
ing frequency and extent of pollution episodes (e.g., O3)
(Bytnerowicz et al. 2007). By 2050, summertime organic
aerosol concentration over the western United States is
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projected to increase by 40 percent and elemental carbon by
20 percent. Higher temperatures accelerate chemical reac-
tions that synthesize O; and secondary particle formation.
Higher temperatures, and perhaps elevated CO, concentra-
tions, also lead to increased emissions by vegetation of
volatile organic compound precursors to O; (Kinney 2008).
In addition to earlier onset of the pollen season and possibly
higher seasonal pollen loads in response to higher tempera-
tures and longer growing seasons, elevated CO, itself may
increase pollen levels in some plant species (Kinney 2008).

Adaptive Capacity

A number of systems are already in place to alert resi-
dents when air quality deteriorates. These systems may
become more common, as will days with poor air quality
and associated alerts. Adaptation options include limiting
physical activity outdoors, using air conditioning, and taking
medications to mitigate health impacts. Tighter restrictions
on use of wood for heating homes and on agricultural burn-
ing can reduce pollutants, and fuels treatments can reduce
wildfire risk and smoke intensity. These strategies reduce
exposure and mitigate damages. Many may be possible in
the long run, but the geographic diversity and rural character
of the region makes quick adaptation unlikely. The effects
of poor air quality also fall heaviest on the most vulnerable
populations, such as the elderly, young, and poor—groups
that make up much of the rural populations of the region,
where shortages of health care already exist. These groups
have little capacity to adapt.

Risk Assessment

The magnitude of effects is expected to be high because a
large percentage of the population (rural poor and elderly) is
at risk for health impacts from poor air quality. This percent-
age will increase as the population ages and young people
move to urban areas. The likelihood of effects is expected to
be high because many areas are already seeing diminished
air quality from increased fires and longer pollen seasons.

Ecosystem Service:
Regulation of Soil Erosion

A USFS soil management directive (USDA FS 2009)
identifies six soil functions: soil biology, soil hydrology,
nutrient cycling, carbon storage, soil stability and support,
and filtering and buffering. Steep slopes are the key element
associated with erosion and landslides in mountain land-
scapes, and open rangeland is susceptible to topsoil loss.
Erosion and landslides threaten infrastructure, water quality,
and important cultural sites.

General resource management practices are designed to
limit erosion and soil impaction, but landslides and erosion
are still a common problem. Roads and other human activi-
ties are the largest source of sediment in most watersheds.
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Landslide-prone areas are generally on slopes greater than
60 percent with geomorphology and surficial geology sensi-
tive to earth movement. Individual management units in
public lands may have hundreds of landslides each year.

Loss of soil from farm fields is a problem in the eastern
part of the Northern Rockies region (Kellogg et al. 1997),
but best practices in agriculture and range management have
begun to slow the loss. Soil loss rates still exceed natural re-
generation of soil in much of the eastern part of the region,
and recent expansion of agriculture is likely to make the
problem worse.

Effects of Climate Change

Soil erosion is tied to many forces on the landscape
that are affected by climate change. In mountainous areas,
wildfire and precipitation interact to affect erosion rates.
Frequency of wildfire, precipitation in the form of rain rath-
er than snow, and intense precipitation events are expected
to increase (see chapters 3, 4, and 8), a combination that will
lead to greater erosion and more landslides.

In the eastern rangelands, increased precipitation and
warmer temperatures may benefit grass productivity and
limit erosion. However, the same changes that make range-
lands more productive also make land more valuable for
agriculture. Expansion of agriculture is already occurring and
will increase soil erosion in some areas. A combination of
increased drought and increased flooding will add to already
high erosion rates. Erosion rates on rangelands are also likely
to increase with greater fire prevalence and spread of non-
native species. Erosion is a significant concern for cultural
sites, and is discussed in more detail in Chapter 12.

Adaptive Capacity

One of the key impacts of soil erosion in mountains is
its effect on water quality and drinking water treatment
costs. Without expensive dredging, the usable life of dams
and reservoirs will shorten, and capital investments will be
necessary to remove added sediment from drinking water
sources (Sham et al. 2013). Limiting erosion on rangelands
can be done with best management practices for agriculture,
including the use of buffers and limiting activity in sensitive
riparian areas. In all areas, more-resilient vegetation can be
used to stabilize soils and support soil formation and nutri-
ent cycling.

Risk Assessment

Landslides and flooding in mountainous areas have the
potential for large, sudden damage to homes, infrastructure,
and watersheds. Costs of soil erosion on the plains are high,
but occur over extended periods of time. The likelihood
of increased erosion in the mountains is high because it
depends on natural processes (e.g., fire, flooding) that are
already changing. If agricultural practices do not change,
erosion on the plains is also fairly certain. Likelihood of
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effects on the plains could be low if best practices become
more common in agriculture.

Ecosystem Service:
Carbon Sequestration

Forests provide an important ecosystem service in the
form of carbon sequestration, or the uptake and storage of
carbon in forests and wood products. Carbon sequestra-
tion is often referred to as a regulating ecosystem service
because it mitigates greenhouse gas emissions by offsetting
losses through removal and storage of carbon. As such,
carbon storage in forests is “becoming more valuable as the
impacts of greenhouse gas emissions are becoming more
fully understood and experienced” (USDA FS 2015).

The National Forest System (NFS) contains 22 percent of
the Nation’s total forestland area and 24 percent of the total
carbon stored in all U.S. forests, excluding interior Alaska.
The management of these lands and disturbances such as
fire, insects, and disease influence carbon sequestration
rates. Rates of sequestration may be enhanced through man-
agement strategies that retain and protect forest land from
conversion to nonforest uses, restore and maintain resilient
forests that are better adapted to a changing climate and
other stressors, and reforest lands disturbed by catastrophic
wildfires and other natural events (e.g., mortality following
windthrow).

The USFS champions the principles of considering
carbon and other benefits together, integrating climate
adaptation and mitigation, and balancing carbon uptake
and storage in a wide range of ecosystem services, some of
which have tradeoffs. The goal is to maintain and enhance
net sequestration on Federal forests across all pools and
age classes through protection of existing stocks and build-
ing resilience in stocks through adaptation, restoration, and
reforestation. Carbon stewardship is an aspect of sustain-
able land management. It is also important to consider that
carbon estimates are most useful at larger spatial scales;
typically, baseline carbon estimates at the forest scale are
not useful for project-specific applications.

Forests are highly dynamic systems that are continu-
ously repeating the natural progression of establishment,
growth, death, and recovery, while cycling carbon through-
out the ecosystem and the atmosphere. This cycle, which
drives overall forest carbon dynamics, varies geographi-
cally and by forest type, but also depends on the frequency,
magnitude, and type of disturbance events. Natural and
anthropogenic disturbances can cause both immediate and
gradual changes in forest structure, which in turn affect
forest carbon dynamics. For instance, a severe wildfire
may initially release CO, to the atmosphere and cause tree
mortality, shifting carbon from living trees to dead wood
and the soil. As the forest recovers, however, new trees
establish and grow, absorbing CO, from the atmosphere.
Although disturbances may be the predominant drivers of
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forest carbon dynamics (Pan et al. 2011), environmental
factors, such as the availability of key forest nutrients (e.g.,
CO, and nitrogen), as well as climatic variability, influence
forest growth rates and consequently the cycling of carbon
through a forest ecosystem (Pan et al. 2009).

Changes in carbon stocks and resulting net emissions
may be influenced through vegetation management strate-
gies. Land management and restoration strategies, plans,
and actions, such as fire and fuels management, timber
harvesting, reforestation, and other forest stand treatments,
can be designed to integrate carbon sequestration capacity
across broad landscapes and over the long term, while
meeting other resource management objectives.

Wood uses for products can also complement land
management by extending the storage of carbon in useful
products and reducing emissions as wood products sub-
stitute for those that emit more CO, and other greenhouse
gases. Harvested wood products (HWP), such as lumber,
panels, and paper, can account for a significant amount of
offsite carbon storage and estimates of this addition are
important for both national-level accounting and regional
reporting (Skog 2008). Products derived from the harvest
of timber from the national forests extend the storage of
carbon or substitute for fossil fuel use, both of which are
part of the overall carbon cycle.

Baseline Estimates

The USFS 2012 Planning Rule and the Climate Change
Performance Scorecard element 9 (Carbon Assessment and
Stewardship) require NFS units to both identify baseline
carbon stocks and to consider that information in planning
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and management. The Office of Sustainability and Climate
facilitated work by USFS Research & Development to
develop a nationally consistent carbon assessment frame-
work and to deliver forest information for every NFS unit.
Estimates of total ecosystem carbon and stock change
(flux) have been produced at the forest level across the
Nation, relying on consistent methodology and plot-level
data from the USFS Forest Inventory and Analysis pro-
gram (USDA FS 2015).

Carbon stocks reflect the amount of carbon stored in
seven ecosystem carbon pools—aboveground live tree,
belowground live tree, understory, standing dead trees,
down dead wood, forest floor, and soil organic carbon—for
1990 to 2013. Carbon stock change (flux) reflects the year-
to-year balance of carbon going into or being pulled from
the atmosphere (Woodall et al. 2013). Carbon stock change
measures the interannual change in carbon stock caused by
tree growth, disturbance, management, and other factors.
Negative stock change values indicate that carbon is being
pulled from the atmosphere (i.e., net carbon sink); posi-
tive values mean carbon is being released (i.e., net carbon
source).

Figure 11.7 displays carbon stock trends for each of the
national forests in the Northern Region between 1990 and
2013.The Idaho Panhandle National Forest stored the larg-
est amount of carbon in the region, about 207 million short
tons in 1990 and 202 million short tons in 2013. During
this period, the Beaverhead-Deerlodge, Kootenai, Nez
Perce, Flathead, Lolo, Clearwater, Gallatin, and Custer
National Forests all increased in ecosystem forest carbon
stocks, while the Lewis and Clark, Helena, and Bitterroot
National Forests and Dakota Prairie Grassland decreased.
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Figure 11.7—Total forest ecosystem carbon for national forests and grassland in the Northern Region from 1990 to 2013.
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Figure 11.8—Cumulative total
carbon stored in harvested wood
products (HWP) manufactured
from Northern Region timber.
Carbon in HWP includes both
products that are still in use and
carbon stored at solid waste
disposals sites (SWDS), including
landfills and dumps (Stockmann
et al. 2014).
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The volume of cumulative carbon stored in Northern
Region HWP rose sharply in 1955 and began to continu-
ally increase at a steady rate, peaking in 1995 with about
37 million short tons in storage (fig. 11.8). The HWP pool
since then has decreased to 35 million short tons. This il-
lustrates the influence of timber harvest on the HWP pool.
The amount of HWP carbon entering that pool is less than
the amount of carbon exiting it through various pathways,
so HWP stocks are decreasing.

Effects of Climate Change

Many factors affect the capacity of forests to sequester
carbon, and the net effect of climate change on carbon
storage in forests is uncertain. The greatest vulnerability to
forest distribution and health as a result of climate change
is increased risk of fire, insects, and disease (mostly fungal
pathogens). Preliminary results from the Forest Carbon
Management Framework (Healey et al. 2014; Raymond
et al. 2015), show, for example, that fire had the largest
impact on carbon storage on the Flathead National Forest
between 1990 and 2012, followed by harvest. The largest
impact on carbon storage on the Idaho Panhandle National
Forest was disease, followed by harvest.

Nitrogen often is a limiting nutrient in forests, so
nitrogen deposition may increase wood production and
accumulation of soil organic matter, thus increasing carbon
sequestration. When carbon uptake is caused by increased
growth, it is likely to be a transitory phenomenon. When
soil accumulation is the primary cause of carbon uptake,
forests could be a long-term carbon sink because below-
ground carbon has longer turnover times than aboveground
carbon (Bytnerowicz et al. 2007).

Tropospheric O; damage in sensitive plant species may
offset some productivity gains from elevated atmospheric
CO,, thus reducing carbon storage on land and possibly
contributing further to climate change. Increasing O; will
negatively affect plant productivity, reducing the ability
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of ecosystems to sequester carbon and indirectly provid-
ing feedback to atmospheric CO, (Sitch et al. 2007). Net
carbon uptake by terrestrial ecosystems during the 21st
century is likely to peak before mid-century and then
weaken or even reverse, thus amplifying climate change
(IPCC 2007).

Fungal pathogens, especially various types of root rot,
are another key concern for forests and may affect the
ability of forests to sequester carbon (Hicke et al. 2012).
Increased temperature and humidity coupled with de-
creased snow and cold weather facilitate the spread of root
rot. As more trees die and decompose, forests could switch
from carbon sinks to carbon sources.

Adaptive Capacity

Adaptive capacity for sequestering carbon depends
on the spatial and temporal scales at which an ecosystem
service is defined. Carbon storage in any particular forest
location may go up or down over time, but analysis of
storage should occur at very large spatial scales. Adaptive
capacity for this ecosystem service is probably low as most
of the factors affecting carbon sequestration are external,
including development pressures and wildfire.

Risk Assessment

Although increased temperature and drought will
reduce forest growth, the most detrimental effects to
carbon sequestration will be indirect, through increased
risk and frequency of wildfires and insect outbreaks. Some
deterioration in forest health is highly likely, so some
change in the ability of forests to sequester carbon is also
likely. However, the net effects on forest health and carbon
sequestration are difficult to project, primarily due to the
uncertainty in the magnitude of future occurrence of wild-
fire and insect outbreaks.
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Ecosystem Service: Cultural
and Heritage Values

The goods and services that ecosystems provide have
spiritual, cultural, and historical value to many people. The
effects of climate change will affect the provision of these
services for individual locations, plant and animal species,
and landscape characteristics. The majority of research
on this topic pertains to forest resource values realized by
Native American tribes and the effect of climate change on
sense of place (see Adger et al. 2013 for a review).

Availability of resources (e.g., for food) and adequate
habitat limit traditional lifeways, especially if the distri-
bution and abundance of plants and animals change in
response to increased temperature and disturbance (espe-
cially wildfire). In general, cultural and heritage values are
high in the Northern Rockies region, and mostly threat-
ened by changes in culture and the way humans interact
with the landscape. Tribal values face ongoing stresses as
Native American people attempt to preserve both culture
and places on the land. Sources of stress range from legal
struggles with Federal agencies (for example, the ongoing
disagreement between the Blackfeet and Glacier National
Park about access to resources on the park) to effects of
recreation on sacred places. Educational programs and
law enforcement on Federal lands protect many cultural
sites, but funding is insufficient to protect all of them (see
Chapter 12).

A large part of one’s culture is his or her connection
with physical places, often including an image of “home.”
The sense of place may be at risk to climate change ef-
fects if those connections and images change as a result of
a changing climate. People may identify with livelihoods
and activities that are no longer sustainable in a changing
climate (Adger et al. 2011; Agyeman et al. 2009; Igor
2005). People who are tied to their communities are more
reluctant to leave during economic and social hard times,
which makes them more vulnerable to the effects of cli-
mate change (Field and Burch 1988).

Effects of Climate Change

Increased frequency of wildfire, floods, nonnative
species establishment, and erosion all put cultural values,
cultural sites, and historic sites at risk. Changes in climate
that influence ranges of species which are traditionally
harvested by Native Americans affect the ability of tribes
to exercise their treaty rights. Impacts can be amplified or
mitigated by management decisions and societal forces.

The economies of resource-dependent communities
and indigenous communities in the region are particularly
sensitive to climate change, with likely winners and
losers controlled by effects on important local resources
(Maldonado et al. 2013). Residents of high-elevation and
northern-latitude communities are likely to experience
the most disruptive impacts of climate change, including
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shifts in the range or abundance of wild species crucial to
the livelihoods and well-being of indigenous people (Field
et al. 2007). As traditional foods are affected by climate
change through habitat alterations and changes in the
abundance and distribution of species, traditional prac-
tices and knowledge tend to erode (Cordalis and Suagee
2008; Lynn et al. 2013). Tribal rights to harvest culturally
important plants, animals, and fish are based on historical
harvest areas, so tribes may lose their ability to exercise
these rights if species leave their historical ranges.

Adaptive Capacity

This ecosystem service relates to preserving the past
and maintaining access to current sites; thus, adaptive
capacity is low. Increased resources for law enforcement
and preservation of cultural sites can mitigate some of the
expected damage, and traditional ecological knowledge
has helped tribes adapt to past social and ecological peri-
ods of change. Fish hatcheries and other human assistance
to survival of plant and animal species will become more
important. Vegetation management can potentially be
implemented near high-risk cultural and historic sites that
are prone to fire, floods, nonnative species establishment,
and erosion.

Risk Assessment

Loss of sacred places and heritage is largely irreversible,
and many argue that the damage associated with such losses
cannot be quantified. The overall magnitude of climate-
induced changes may be moderate to high. Increased rates
of erosion are already being observed at some cultural sites,
and vandalism rates are increasing as human population in-
creases. Culturally important fish populations are declining
and in some cases rely on human assistance for migration
and survival. Therefore, the likelihood of climate change
effects is high.

Summary

Ecosystem services are the benefits people derive from
landscapes and encompass the values that motivate people
to live in the Northern Rockies region. Ecosystem services
are the core of our sense of place and are important to
protect in the face of a growing number of threats. Some of
these threats are social (demographic changes, economics,
policy) and some are environmental (e.g., climate change).
In many cases, social and environmental forces will act to
amplify the effects of the other, but opportunities exist for
adaptation in some cases. Below are key findings from the
ecosystem services vulnerability assessment.

» Total annual water yield is not expected to change
significantly. However, timing of water availability is
likely to shift, and summer flows may decline. These
changes may result in some communities experiencing
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summer water shortages, although reservoir storage
can provide some capacity. Snowmelt is already
occurring earlier, and both floods and drought may
become more common. Agriculture is currently the
largest consumer of water and one of the largest
economic forces in the region, and rural agricultural
communities will be disproportionately affected by
climate change.

Water quality is closely tied to water yield.

Increased occurrence of wildfires and floods will add
sediment to rivers and reservoirs, affecting instream
water quality and making water treatment more
expensive. Agriculture is currently the major source of
impairment, leading to loss in streamside vegetation,
loss of aquatic habitat, increased water temperatures,
and high levels of fecal coliform. Climate change is
expected to amplify these effects.

Wood products provide jobs in the region. Climate
changes will lead to more wildfires and insect
outbreaks, but in general effects will be small. The
largest effects on wood products are likely to be from
economic forces and policies. Timber production

has been in steady decline, and that trend is likely to
continue. Timber is a major employer in some small
towns that have already seen an economic downturn,
a trend that may continue as a function of economic
factors at national to local levels.

The Northern Rockies region contains one of the
largest oilfields in the United States. Near the Bakken
formation, about a third of regional income comes
directly from oil and gas. Minerals and mineral
extraction are not likely to be affected by climate
change, making mining and energy development
important economic drivers. The greatest effect on
mineral and energy extraction is likely to be how it
connects to other ecosystem services, particularly
water quality. Wildfires, floods, and mudslides all put
mineral extraction infrastructure in danger, which in
turn increases risk to watersheds.

Climate change is expected to increase the potential of
rangeland to provide forage for livestock. Ranching
and grazing, all else being equal, may benefit from
climate change. Major threats to grazing are human
induced, including loss of rural population, spread of
nonnative grasses, and fragmentation of rangelands.

Viewsheds and air quality will be affected by
increasing wildfires and longer pollen seasons. A
growing percentage of the region’s population will

be in at-risk demographic groups who will suffer
respiratory and other medical problems on days with
poor air quality.

The ability to regulate soil erosion will be diminished
by agricultural expansion, spread of invasive plants,
and increased frequency of wildfire and floods.
Increased capital investments may be needed for water
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treatment plants if water quality degrades significantly.
Best practices in agriculture and construction of roads
can mitigate some of these effects.

* The ability of forests to sequester carbon may be
affected by wildfires, insect outbreaks, and plant
disease; carbon sequestration in the western part of
the Northern Rockies region will be affected by more
frequent disturbance and stress. Managing forests
for carbon sequestration is likely to become more
important in response to national climate policies.

» Disturbances such as wildfires, floods, and soil erosion
place cultural and heritage values at risk. Damage
to cultural and historic sites is irreversible, making
protection a key management focus. Climate-induced
changes in terrestrial habitats and human modification
of streamflow affect abundance of culturally important
plants and animals (especially native fish), affecting
the ability of Native American tribes to exercise their
treaty rights. Effects on this ecosystem service are
amplified by social forces that include a growing
regional population, vandalism, and loss of traditional
practices in a globalizing culture.
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Chapter 12: Effects of Climate Change on
Cultural Resources in the Northern Rockies

Region

Carl M. Davis

Background and Cultural
Context in the Northern
Rockies Region

People have inhabited the Northern Rocky Mountains
of the United States since the close of the last Pleistocene
glacial period, some 14,000 years B.P. (Fagan 1990;
Meltzer 2009). Evidence of this ancient and more recent
human occupation is found throughout the Forest Service,
U.S. Department of Agriculture (USFS) Northern Region
and the Greater Yellowstone Area, hereafter called the
Northern Rockies region. Each of the five subregions, and
the public and private lands they now encompass, contains
thousands of years of human history.

The Northern Rockies region is the ancestral home-
land or aboriginal territory of the Arikara, Assiniboine,
Bannock, Blackfeet, Chippewa-Cree, Coeur d’Alene,
Crow, Hidatsa, Kiowa, Kootenai, Mandan, Nez Perce,
Northern Cheyenne, Pend d’Oreille, Salish, Shoshone,
Sioux and other Plains, Intermountain, and Columbia
Plateau American Indian Tribes (DeMallie 2001; Schleiser
1994; Walker 1998). Beginning in the 18 century, the
region was explored and then settled by people of French,
British, Irish, Scottish, Chinese, German, Scandinavian,
and other ancestries (White 1993). The region then, as
today, was a diverse blend of cultural backgrounds and
lifeways.

The archaeological and historical evidence of these
past cultural groups, interactions, and events—collectively
called cultural resources—is extensive and varied across
the Northern Rockies region. Cultural resources here
include (1) ancient Indian camps and villages, rock art,
tool stone quarries, and travel routes; (2) historic military
forts and battlefields, mining and logging ruins, and home-
steads; and (3) ranger stations, fire lookouts, and recreation
sites built by the Civilian Conservation Corps. Currently,
some 20,000 cultural resources have been documented,
which represent probably only a small fraction of what ex-
ists in the Northern Rockies region.

Protection of cultural resources has been formally rec-
ognized since 1906, when the Antiquities Act was signed
into law. This law requires Federal land management
agencies to preserve historic, scientific, commemorative,
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and cultural values of archaeological and historic sites

and structures of public lands for present and future
generations (NPS 2015a), and gives the President of the
United States authority to designate national monuments
as a means to protect landmarks, structures, and objects

of historical or scientific significance. The importance of
cultural resources has been reaffirmed through the Historic
Sites Act of 1935, the National Historic Preservation Act
of 1966, the Archaeological Resources Protection Act of
1979, and the Native American Graves Protection and
Repatriation Act of 1990. Although the focus of these laws
differs, together they mandate the protection and manage-
ment of cultural resources in Federal lands. The National
Park Service has a particularly strong emphasis on protec-
tion of cultural resources (box 12.1).

Beyond physical sites, structures, and artifacts associ-
ated with past human use or events, protection of cultural
resources involves the ongoing use of resources and as-
sociated activities relevant to the continuation of specified
extant cultures. Many cultural resources are currently
vulnerable to natural biophysical phenomena and human
activities. Wildfire and biological processes degrade and
destroy cultural resources, particularly those made of wood
or located in erosion-prone environments. Vandalism, il-
legal artifact digging, arson, and other depreciative human
behaviors also damage cultural resources. Agency land
management actions can affect cultural sites and land-
scapes, and although Federal land managers protect and
mitigate adverse effects to cultural resources, the enormity
of this task often outstrips agency resources and capacity.

Broad-Scale Climate Change
Effects on Cultural Resources

This assessment of the potential effects of climate change
on cultural resources in the Northern Rockies region is fairly
general because so little information has been generated
on this topic, compared to the effects of climate change on
natural resources. The broad diversity of cultural resources
and locations where they are found makes it difficult to infer
the spatial extent and timing of specific effects. Therefore,
we have synthesized the relevant literature from diverse
disciplines to cautiously project how an altered climate, both
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Box 12.1—National Park Service Lands in the Northern Rockies Emphasize Preservation and
Management of Cultural Resources

The National Park Service was created by Congress through the National Park Service Organic Act of 1916, whereby
the Agency would allow “access to parks for the public enjoyment of cultural resources while ensuring their protection”
(NPS 2011b). Specifically, a cultural resource is considered to be “an aspect of a cultural system that is valued by

or significantly representative of a culture, or that contains significant information about a culture” (NPS 2015b).
Cultural heritage and its preservation are emphasized in the agency’s Cultural Resources, Partnerships and Science
directorate, with goals to:

. Preserve cultural resources in cooperation with Indian tribes, Alaska Native villages and corporations, Native
Hawaiian organizations, States, territories, local governments, nonprofit organizations, property owners,
individuals, and other partners.

. Provide leadership in research and use of advanced technologies to improve the preservation of the nation’s
cultural heritage.

. Establish standards and guidance for managing cultural resources within the National Park System and
communities nationwide.

. Enhance public understanding and appreciation for the Nation’s cultural heritage.

Cultural Resources of National Parks in the Northern Rockies

Glacier National Park

Glacier National Park has six National Historic Landmarks and 350 structures listed in the National Register of Historic
Places. Archaeological resources found in the park include prehistoric campsites, mining claims, and homesteads.
Cultural landscapes in the park include the Going-to-the-Sun-Road, Chief Mountain, and Headquarters Historic District.

Grand Teton National Park

Historical sites in Grand Teton National Park predate creation of the park, and many structures are found in the National
Register of Historic Places. Some of these structures are remnants of homesteads of ranchers and other people who
settled in the Jackson Hole area. Several of these structures have been incorporated into the park and restored to

their original condition. An example of an early structure preserved in the park is Mining Ditch, which carried water

near Schwabacher’s Landing. Cunningham Cabin, home to early settlers in the Jackson Hole area, has also been
preserved. Menor’s Ferry operated for decades until 1927, taking passengers across the Snake River, and is now part
of a Historic District that was recently added to the National Register.

Yellowstone National Park

Yellowstone National Park has been preserved not only for biodiversity but also for information about past human
activities and significant archaeological and cultural resources contained within the park. Some historic structures
and sites are Obsidian Cliff, where obsidian was first used for making tools more than 11,000 years B.P.; Yellowstone
Lake, which has intact cultural deposits from more than 9,000 years B.P.; Mammoth Hot Springs, which includes the
Mammoth Post Office and Roosevelt Arch from the late 1800s; and the town site of Cinnabar, Montana, which was
established in 1883 as the last stop on the Northern Pacific Railroad line to Yellowstone Park. The potential effects of
climate change on cultural resources have been described for Big Hole National Battlefield, Montana (NPS 2011a). A
warmer climate will complicate the goal of management to restore and maintain the battlefield in a biological condition

representative of 1877. Scientific understanding of climate change effects provides a foundation for reconciling
biological effects with management goals based on historical conditions.

directly and indirectly (through increased disturbance), will
create conditions that modify the condition of and access to
cultural resource sites and their contents.

Climate change has the potential to exacerbate and ac-
celerate existing effects to cultural resources (table 12.1). A
warmer climate will alter the scale of wildfires across west-
ern North America (Schoennagel et al. 2004; Westerling et
al. 2006) (see Chapter 8), thus having at least three general
effects on cultural resources. First, wildfires readily burn
cultural resources made of wood and other combustible ma-
terials, such as ancient aboriginal wood shelters and game
drives, or historic homesteads, mining ruins, and buildings.
Second, emergency wildfire suppression tactics, including

USDA Forest Service RMRS-GTR-374. 2018

fireline construction using heavy equipment, affect both
standing structures and archaeological sites buried in forest
soils. Third, post-wildfire flooding and debris flows threaten
cultural resources exposed atop fire-charred landforms and
soils. Alternatively, fire can expose cultural sites that might
not have been otherwise visible (fig. 12.1).

Currently, Federal agencies implement various actions
to reduce the effects of wildfire on cultural resources, such
as encasing historic structures in fireproof wrap, routing of
fireline away from sites, and armoring cultural resources
vulnerable to postfire flooding events. However, these ac-
tions are often not commensurate with the scale of large
wildfires or the ensuing cultural resource loss. Thus, damage
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Table 12.1—Summary of climate change stressors and potential effects on cultural resources in the Northern Rockies (see also
Rockman 2014, UNESCO 2007). Human activities can exacerbate some of the expected effects of climate change (see text).

Climate change

stressor Biophysical effects Effects on cultural sites and landscapes
Temperature o Wildfire Combustion, damage, destruction
increase e Drought, erosion Exposed artifacts and cultural features

* Vegetation changes

e Spread of invasive species
e Ice patch melt

e Altered freeze-thaw cycles

Altered physical appearance, integrity

Altered physical appearance, integrity

Artifact decay and theft

Saturation, desiccation, warping, biochemical changes

Altered e Earlier seasonal runoff, flooding
precipitation e Debris flows, slumping
¢ Down-cutting, mass wasting
¢ Increased moisture and humidity
e Extreme precipitation events

Removal, damage, degradation
Burial, removal, degradation
Removal, damage, degradation

Decay, oxidation, exfoliation, corrosion, biochemical
changes

Removal, damage, degradation, collapse, exposure

Figure 12.1—Prehistoric stone cairn
exposed by wildfire in Custer
National Forest. Intense wildfires,
suppression, and rehabilitation
activities annually affect hundreds

Rockies (photo: Halcyon LaPoint,
Custer-Gallatin National Forest).

is expected to continue as climate change amplifies amount
of area burned, if not severity, across the Northern Rockies
region.

Seasonal aridity and prolonged drought accelerate soil
deflation and erosion, and thus expose archaeological sites
once buried in plains and mountain soils. Wind and water
roil across archaeological sites, blowing or washing away
ground cover, revealing ancient artifacts and features such
as cooking hearths and tool-making areas (fig. 12.2). Newly
exposed ground leaves artifacts vulnerable to artifact col-
lecting and illegal digging, effects that are intensified in
areas where livestock grazing, recreation, and mining occur
and the ground is already impacted. For example, livestock
in grazing allotments typically converge around creeks and

natural springs where ancient hunter-gatherer archaeological

sites are commonly located.
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Periods of dry climate and drought have occurred
throughout the Holocene in the Intermountain West, with
corresponding episodes of soil deflation, erosion, and
down cutting (Meltzer 1990; Ruddiman 2007). However,
increasing temperatures outside of the Holocene norm
(Intergovernmental Panel on Climate Change 2007;
Mayewski and White 2002; see also Chapter 3) will cre-
ate additional potential for cultural resource loss through
drought and erosion, particularly in drier areas such as
southeastern Montana.

In addition, if winter precipitation increases (see Chapter
3) and reduced snowpack leads to higher winter streamflows
(see Chapter 4), archaeological and historic sites will be
increasingly vulnerable to flooding, debris flows, down
cutting, and mass wasting of underlying landforms. This
scenario is now common in the aftermath of large-scale
wildfires, especially in the dry mountain ranges of central
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Figure 12.2—Prehistoric artifacts exposed in soil-deflated
surface caused by drought conditions. Exposed artifacts
are vulnerable to illegal collecting and livestock trampling
(photo: Carl Davis, U.S. Forest Service).

and eastern Montana (fig. 12.3). These severe events are
likely to accelerate hydrologic impacts to cultural resources
(National Research Council 2002).

Perennial high-elevation snowfields contain ancient
artifacts, the result of hunting and gathering excursions
to mountain environments (Lee 2012) (fig. 12.4). Melting
ice caused by a warmer climate poses a risk to previously
ice-encased and well-preserved cultural resources. For
example, melting ice patches in the Beartooth Mountains
of south-central Montana have yielded ancient bone, wood,

Figure 12.3—Post-wildfire debris flow that obliterated or
covered cultural resources in Meriwether Canyon, Helena
National Forest. Early, intense spring runoff events may
become more common in the future (photo: Carl Davis,
U.S. Forest Service).

USDA Forest Service RMRS-GTR-374. 2018

EFFECTS OF CLIMATE CHANGE ON CULTURAL RESOURCES IN THE NORTHERN ROCKIES REGION

Figure 12.4—Melting perennial ice patches expose prehistoric
artifacts in Custer-Gallatin National Forest. These high-
elevation locations document activities by Native American
groups in the recent and distant past (photo: Craig Lee,
Montana State University).

and fiber artifacts. Although melting ice patches provide
research opportunities, the rapid rate of melting ice may
preclude timely inspection by archaeologists, and newly
exposed artifacts may decay or be stolen without adequate
archaeological documentation.

Climate change also affects larger cultural landscapes
whose integrity is derived from both cultural resources and
environmental context (NPS 1994). Historic sites from
the 1800s (e.g., Euro-American settlements, battlefields)
are also valued historical resources, especially in some
NPS units. Major shifts in dominant vegetation could
potentially affect the physical and visual integrity of these
landscapes (Melnick 2009). For example, whitebark pine
(Pinus albicaulis) is an important historical component of
the Alice Creek-Lewis and Clark Pass cultural landscape on
the Continental Divide near Helena, Montana (fig. 12.5).
Whitebark pine is currently in decline because warmer win-
ter temperatures have accelerated the rate of mountain pine
beetle (Dendroctonus ponderosae) outbreaks in addition to
the effects of white pine blister rust (Cronartium ribicola), a
nonnative fungal pathogen (Tomback and Kendall 2001; see
also Chapter 8).

Cultural sites and landscapes are also recognized for
their traditional importance to descendant communities,
particularly American Indian tribes in the Intermountain
West. Some traditional use areas provide foods, medicinal
and sacred plants, pigments, and other resources, as well
as ceremonial-religious places. Significant climate-induced
effects in these landscapes, particularly altered distribution
and abundance of vegetation, may curtail and even sever the
continuous cultural connectivity and traditional use of these
areas by indigenous peoples and local communities.
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Climate change also poses risks to historic buildings and
structures though increases in wildfire, flooding, debris flow,
and extreme weather events (fig. 12.6). In addition to these
direct threats, period furniture, interpretive media, and ar-
tifact collections inside historic (and nonhistoric) buildings
may likewise be affected by those events. More nuanced
stressors include increased heat, moisture, humidity, freeze-
thaw events, insect infestation, and micro-organisms (mold),
all of which accelerate weathering, deterioration, corrosion,
and decay of buildings, structures, and ruins made of wood,
stone, and other organic materials (UNESCO 2007).

Finally, climate change may diminish the appeal of
cultural sites and landscapes for public visitation and
interpretation. Extensive outbreaks of mountain pine beetle
and other insects, which have been facilitated by higher
temperature, have turned some historic landscapes in
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Figure 12.5—Whitebark pine
mortality may affect the
integrity and status of cultural
sites, such as the Lewis and
Clark Pass cultural landscape
and National Register District
shown here. Significant
landscape change may also
affect indigenous peoples
and local communities who
use the area and its resources
(photo by Sara Scott,
Montana Department of Fish,
Wildlife and Parks).

southwestern Montana from green to brown to gray (e.g.,
Logan and Powell 2001). In addition to visual impacts,

dead and dying forests present hazards to hikers, sightseers,
and other forest users (see Chapter 10). Over time, altered
ecological conditions in cultural landscapes of the Northern
Rockies region may reduce their attractiveness and value for
tourism, recreation, and other purposes, thus affecting local
communities and economies (see chapters 10, 11).

Risk Assessment

Climate change effects on cultural resources are likely to
be highly variable across the Northern Rockies region by the
end of the 215! century, depending on the particular stressor
and geographic location. Wildfire is expected to create the
highest risk for cultural resources and is expected to broadly,

Figure 12.6—Installing emergency roof supports
in the main lodge, OTO Dude Ranch, Custer-
Gallatin National Forest. Routine and emergency
projects to stabilize, protect, and maintain
historic buildings are likely to increase in a
warmer climate (photo by Marcia Pablo, Custer-
Gallatin National Forest).
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though unevenly, affect cultural resources on all national
forests, national grasslands, and national parks, including
locations that have already burned since the 1990s.

The prospect of prolonged aridity and drought caused
by projected temperature increase may be partially offset
if winter precipitation increases in the future (see Chapter
3). Thus, it is difficult to quantify the long-term effects of
drought, floods, and extreme weather events on cultural
resources. In general, these natural processes, exacerbated
by climate change, are likely to pose a significant risk to
cultural resources. Resource loss will be greatest in those
areas prone to major hydrologic events, such as at canyon
mouths and in river bottoms where cultural sites are often
concentrated. Cultural sites located here are difficult to ar-
mor and protect in the face of significant flooding and debris
flows. Furthermore, artifact collectors may eventually target
these areas because newly exposed cultural materials are
often strewn over a wide area in the aftermath of a flood or
debris flow; protection of these materials depends on active
law enforcement.

Other potential climate change-related effects on cul-
tural resources will be more subtle and moderate. Shifting
distribution and abundance of vegetation are likely to affect
the visual integrity of some cultural landscapes. Climate
change effects to historic buildings or structures will be both
gradual and cumulative (i.e., decay and degradation) and
sudden and direct (i.e., structural collapse caused by mois-
ture and snow loading). Certain natural resources associated
with traditional cultural landscapes that tribal peoples con-
tinue to use today, may be diminished or entirely disappear.
However, increased wildfire may increase the abundance
of some culturally valuable species, such as huckleberry
(Vaccinium spp.), common camas (Camassia quamash), and
nodding onion (Allium cernuum).

Agency proposals and efforts to control, abate, or
mitigate the projected effects of climate change may also
affect cultural resources. For example, in anticipation of
significant flooding events in the future, historic culverts
and bridge abutments made of stone may be replaced with
larger metal ones. Although project design and mitigation
measures would reduce many adverse effects to cultural re-
sources, landscape restoration projects designed to increase
resilience to climate stressors could diminish the cultural
resource base in some locations.

The effects of climate change on cultural resource tour-
ism are difficult to estimate because this is contingent on
social and economic factors. Visiting historic sites is popular
throughout the Northern Rockies (Nickerson 2014), and
tourism is an important economic contributor to many local
communities (see Chapter 10). Hot, dry summer weather
could reduce public interest in visiting cultural resources,
cultural landscapes, and interpretive sites located on Federal
lands, particularly in areas recently affected by severe wild-
fires or floods. This potential impact on forest tourism could,
in turn, affect local communities to some extent.
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Adapting to the Effects of
Climate Change

Federal agencies in the Northern Rockies region have the
capacity to address some of the projected effects of climate
change on cultural resources. Fuels reduction around signifi-
cant cultural resources is already in place in some locations
to reduce the intensity and severity of future wildfires.
USEFS heritage personnel are engaged in all aspects of wild-
fire suppression and recovery, which facilitates protection of
cultural resources threatened by wildfires. However, fire vul-
nerability assessment and abatement programs for cultural
resources may need further emphasis to address a potential
for more wildfires in the future.

Less progress has been made in completing vulnerability
assessments or implementing protection strategies for
cultural resources located in areas prone to large-scale hy-
drologic events, and the full scope of this risk is unknown in
the Northern Rockies region. Hydrologic events are unpre-
dictable, and protection measures such as stabilization and
armoring are expensive. Viable protection measures often
require hydrologic, engineering, and other resource exper-
tise. Nonetheless, Federal agencies have a strong mandate to
implement measures to protect cultural sites threatened by
such natural processes and emergency events.

Survey and evaluation in areas where cultural resources
are concentrated or likely are ongoing, although intermit-
tent, in the Northern Rockies region. It will be possible to
locate and monitor cultural resources potentially at risk only
if these efforts are significantly expanded. High-elevation
melting ice patches are a particular priority, but surveys are
critical in other locations where cultural resources are likely
to be affected by flooding and debris flows in mountain
canyon and foothills areas. Correlating areas where cultural
resources are common with areas where ice melt and flood-
ing are expected will help to focus attention on landscapes
at greatest risk.

Some climate-induced vegetation shifts in designated
cultural landscapes could be partially mitigated through
silvicultural treatments and prescribed burning, although the
effectiveness of proposed treatments relative to the scope
and scale of the cultural landscape is difficult to evaluate.
Careful monitoring and tracking of vegetation stability and
change in cultural landscapes will become increasingly
important in future decades.

To date, the potential effects of climate change on the
historic built environment in the Northern Rockies region
has received relatively little attention. However, a variety of
actions may eventually be necessary to abate or mitigate the
projected effects of climate change on historic buildings and
structures. Vulnerability assessments by qualified experts
are necessary precursors to initiating any remediation work
such as stabilization, armoring, and other interventions. In
this context, historic preservation teams, volunteers, and
partners will be important contributors to climate-related
preservation work in the future.
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Chapter 13: Conclusions

S. Karen Dante-Wood and Linh Hoang

The Northern Rockies Adaptation Partnership (NRAP)
provided significant contributions to assist climate change
response in national forests and national parks of the
Northern Rockies region. The effort synthesized the best
available scientific information to assess climate change
vulnerability, develop adaptation options, and catalyze
a collaboration of land management agencies and stake-
holders seeking to address climate change in the region.
The vulnerability assessment and corresponding adapta-
tion options provided information to support national
forests and national parks in implementing respective
agency climate change strategies described in the Forest
Service, U.S. Department of Agriculture (USFS) National
Roadmap for Responding to Climate Change (USDA
FS 2010a) and Climate Change Performance Scorecard
(USDA FS 2010b) (see Chapter 1), and the National Park
Service (NPS) Climate Change Response Strategy (NPS
2010). The NRAP process allowed all forests in the USFS
Northern Region to respond with “yes” to scorecard
questions in the organizational capacity, engagement,
and adaptation dimensions. Further, the NRAP process
enabled participating national parks to make progress to-
ward implementing several components (communication,
science, and adaptation goals) of the Climate Change
Response Strategy (NPS 2010).

Relevance to Agency Climate
Change Response Strategies

In this section, we summarize the relevance of the
NRAP process to the climate change strategy of Federal
agencies and the accomplishments of participating
national forests, national grasslands, and national parks.
Information presented in this report is also relevant for
other land management agencies and stakeholders in the
Northern Rockies region. This process can be replicated
and implemented by any organization, and the adaptation
options are applicable in the Northern Rockies region and
beyond. Like previous adaptation efforts (e.g., Halofsky
et al. 2011; Raymond et al. 2014), a science-management
partnership was critical to the success of the NRAP.

For others interested in emulating this approach, we
encourage them to pursue this type of partnership as the
foundation for increasing climate change awareness, as-
sessing vulnerability, and developing adaptation plans.

USDA Forest Service RMRS-GTR-374. 2018

Organizational Capacity, Education, and
Communication

Organizational capacity to address climate change, as
outlined in the Climate Change Performance Scorecard
requires building institutional capacity in management
units through training and education for USFS employ-
ees. Training and education were built into the NRAP
process through workshops and webinars that provided
information about the effects of climate change on water
resources, fisheries, forest vegetation, nonforest vegetation,
disturbance, wildlife, recreation, ecosystem services, and
cultural resources. The workshops introduced climate tools
and processes for assessing vulnerability and planning for
adaptation.

The Climate Change Response Strategy challenges NPS
staff to increase climate change knowledge among employ-
ees and to communicate this information to the public, in
addition to the actions taken by the agency to respond to
climate change. Although communication about climate
change with the public was beyond the scope of the NRAP,
knowledge generated through this process can be used for
outreach and interpretive materials.

Partnerships and Engagement

The NRAP science-management partnership and process
were as important as the products that were developed,
because these partnerships are the cornerstone for successful
agency responses to climate change. We built a partnership
that included several Federal agencies as well as other
organizations (e.g., EcoAdapt, Headwaters Economics)
and universities (Oregon State University, University of
Washington).

Elements 4 and 5 of the Climate Change Performance
Scorecard require units to engage with scientists and scien-
tific organizations to respond to climate change (element 4)
and work with partners at various scales across all boundar-
ies (element 5). Similarly, the Climate Change Response
Strategy emphasizes the importance of collaboration and
building relationships, in addition to products that support
decisionmaking and a shared vision. The NRAP process
therefore allowed both the USFS and the NPS to achieve
unit-level compliance in their agency-specific climate
responses.

The NRAP process encouraged collaboration between the
USFS and NPS, supporting a foundation for a coordinated
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regional response to climate change. By working with
partners (Federal and nongovernmental), we increased our
capability to respond to climate change. Responding to such
a challenge requires using an all-lands approach, which this
partnership fostered.

Assessing Vulnerability and Adaptation

Elements 6 and 7 of the Climate Change Performance
Scorecard require units to assess the expected effects of
climate change and determine which resources will be most
vulnerable as a result, and identify management strategies to

improve the adaptive capacity of the national forest lands.
The NRAP vulnerability assessment used the best available
science to identify sensitivity and vulnerability of multiple
resources in the Northern Rockies region (table 13.1).
Adaptation options for each of the resource areas were then
developed and can be incorporated into resource-specific
programs and plans.

The science-management dialogue identified manage-
ment practices that are useful for increasing resilience and
reducing stressors and threats. Although implementing all
options developed in the NRAP process may not be feasible,
resource managers can still draw from the menu of options

Table 13.1—Risk assessment for resources in the vulnerability assessment for the Northern Rockies. The qualitative and quantitative
approach for estimating magnitude and likelihood of climate change effects varies by resource and availability of information

(see individual chapters for more detail).

Habitat, ecosystem function

Resource or species

Magnitude of effects

Likelihood of effects

Water resources Snowpack and glaciers

High to low, depending on elevation High

and winter temperatures

Streamflow High to low across the region, High to low across the region,
depending on local climate depending on local climate
Fisheries Bull trout Moderate for 2040s, high by 2080s  High for 2040s, moderate for 2080s
Westslope cutthroat trout and Low for 2040s, moderate for 2080s  High for 2040s, moderate for 2080s
Yellowstone cutthroat trout
Vegetation — Dry ponderosa pine and Douglas-  High High
general types fir
Lodgepole pine and aspen mixed =~ Moderate High
conifer
Mixed mesic white pine, western ~ Moderate Low
redcedar, western hemlock grand
fir
Western larch mixed conifer High Very high
Whitebark pine/spruce-fir High High
Big sagebrush Highly variable Moderate
Mountain big sagebrush and basin  Mountain big sagebrush — moderate; High
big sagebrush basin big sagebrush — high
Threetip sagebrush and silver Moderate High
sagebrush
Western grasslands High High
Vegetation — Alpine larch High High
tree species Cottonwood Moderate Moderate
Douglas-fir High High
Engelmann spruce Moderate Moderate
Grand fir Moderate Moderate
Green ash Moderate High
Limber pine Low Low
Lodgepole pine Moderate High
Mountain hemlock High High
Ponderosa pine - var. ponderosa Moderate Moderate
Ponderosa pine — var. scopulorum  Moderate Moderate
Quaking aspen Moderate High
Subalpine fir High High
Western hemlock Moderate Moderate
Western larch High Very high
Western redcedar Moderate Moderate
Western white pine Moderate Moderate
Whitebark pine Moderate Moderate
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Habitat, ecosystem function

Resource or species Magnitude of effects Likelihood of effects
Vegetation — Carbon sequestration High Moderate
resource concerns | andscape heterogeneity Moderate High
Timber production Moderate to high in northern Idaho  High in north Idaho
Bark beetle disturbances Moderate Varies
Invasive plant species High High
Wildfire regimes Low-moderate Moderate-high
Wildlife American beaver Moderate by 2100 Moderate by 2100
American pika Low in 2030, 2050; moderate by Varies
2100
Canada lynx Moderate by 2030, high by 2050, High
extreme by 2100
Fisher Low by 2030, moderate by 2050, High
probably high by 2100
Moose Moderate by 2100 Moderate by 2100
Northern bog lemming Moderate by 2050; High by 2050
high by 2100
Pronghorn Moderate by 2100 Moderate by 2100
Pygmy rabbit Moderate by 2050; could be high High by 2050
by 2100
Townsend’s big-eared bat Moderate by 2100 Moderate by 2100
Ungulates (elk, mule deer, white-  Uncertain, but probably low to Low to moderate in all time periods
tailed deer) moderate by 2100
Wolverine Low by 2030, moderate by 2050, High in all time periods
high to very high by 2100
Brewer’s sparrow Low to moderate by 2050; moderate Moderate, depending on sagebrush
to high by 2100 habitat
Flammulated owl Largely unknown across all time Largely unknown across all time
periods periods
Greater sage-grouse Largely unknown across all time Largely unknown across all time
periods; depends on fire periods; depends on fire
Harlequin duck Moderate across all time periods Moderate across all time periods
Mountain quail Low to moderate across all time Low to moderate across all time
periods periods
Pygmy nuthatch Largely unknown across all time Largely unknown across all time
periods periods
Ruffed grouse Low to moderate across all time Low to moderate across all time
periods periods
Columbia spotted frog Moderate across all time periods, Moderate across all time periods
depending on fungal infections
Western toad Moderate across all time periods Moderate across all time periods
Recreation Warm-weather activities Moderate High
Snow-based recreation activities High High
Wildlife-based activities Hunting, wildlife viewing—low; Hunting, wildlife viewing— moderate;
fishing-moderate to high fishing-high
Gathering forest products Low Moderate
Water-based activities Low to moderate Moderate

Ecosystem services

Building materials/wood products
Cultural and heritage values
Erosion regulation

Large from non-climate forces
Highly variable

Landslides and flooding have the
potential for large sudden damages;
costs of soil erosion are high.

Likely from non-climate forces
Highly variable
High

Fuel (firewood/biofuels) Firewood — low; biofuels — uncertain High
Mining, minerals Large from non-climate forces High
Viewsheds/clean air High High
Water quality High High
Water quantity Moderate High
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as needed. Some adaptation strategies and tactics can be im-
plemented on the ground now, whereas others may require
changes in policies and practices or can be implemented
when management plans are revised or as threats become
more apparent.

The NRAP process used many of the principles and goals
for assessing vulnerability and planning for adaptation that
are identified in the Climate Change Response Strategy.
The strategy calls for NPS units to implement adaptation in
all levels of planning to promote ecosystem resilience and
enhance restoration, conservation, and preservation of re-
sources (NPS 2010). It specifically requires developing and
implementing adaptation to increase the sustainability of
facilities and infrastructure, and preserve cultural resources.

Science and Monitoring

Monitoring is addressed in element 8 of the Climate
Change Performance Scorecard and in the Climate Change
Response Strategy. Where applicable, the NRAP products
identified information gaps or uncertainties in understanding
climate change vulnerabilities of resources and management
influences on vulnerabilities. These identified information
gaps could drive the focus of monitoring and research
intended to decrease uncertainties in management deci-
sions. In addition, current monitoring programs that provide
information for detecting climate change effects, and new
indicators, species, and ecosystems that require additional
monitoring, were identified for some resource chapters.
Working across multiple jurisdictions and boundaries will
allow NRAP participants to collaborate further in their
research on climate change effects and effectiveness of
implementing adaptation strategies and tactics.

Throughout the NRAP process, the best available science
was used to understand projected changes in climate and ef-
fects on natural resources. This science can be incorporated
into large landscape assessments such as forest/grassland
planning assessments, environmental analysis for National
Environmental Policy Act (NEPA) projects, or project de-
sign and mitigations.

Next Steps

The NRAP built on previous science-management
partnerships by creating an inclusive forum for local and
regional stakeholders to address issues related to climate
change vulnerability and adaptation. Although this partner-
ship was conducted at the regional scale, more work is
needed to truly achieve an all-lands approach to adaptation.
The Federal agencies involved have different missions
and goals, and are at different stages in integrating climate
change into resource management and planning. Although
the differences allowed agencies to share approaches and
experiences, it presented challenges in terms of creating a
collaborative adaptation plan.
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In the future, it may be valuable to develop partnerships
around specific resource issues and implement adaptation
options accordingly. Similarly, working at subregional
scales would enable the assessment to target specific man-
agement concerns. Finally, engaging managers early through
a query regarding priority information needs to support
adaptation planning would help to generate “buy in” and
ensure that products target important management needs.

The goal of this vulnerability assessment was to cover a
range of natural resources that are critical to the Northern
Rockies region. By exploring several resources in detail,
participants identified species and ecosystems that are
sensitive to climate change. More-detailed quantitative and
spatially explicit vulnerability assessments would improve
the scientific basis for detecting the effects of climate
change and developing site-specific management responses
and plans. Such assessments would also allow resource
managers to prioritize locations for implementation. The
process could also be expanded to include other systems and
issues such as social and economic effects.

Implementing Adaptation Strategies
and Tactics

Implementing adaptation strategies and tactics is the
next, and most challenging, step. This will gradually occur
with time, changes in policies, plan and program revisions,
and major disturbances or extreme weather events. As
previously noted, collaboration among landowners and man-
agement agencies will produce more-successful adaptation
outcomes than operating independently.

Participants in the NRAP science-management part-
nership collaborated on two products: the vulnerability
assessment and adaptation strategies and tactics. Before
applying an adaptation strategy or tactic, land manag-
ers require a process to consider which actions are most
important and identify the most important locations for
implementing those actions. Landscape management strate-
gies provide context for decisionmaking in which managers
can be transparent in decisions about applying a strategy
or tactic. Determinations of which adaptation options are
most appropriate must consider the condition and context
of the resource, social and ecological values, time scales for
management, and feasible goals for treatment given chang-
ing climate (Peterson et al. 2011). Depending on the context
and conditions, landscape management strategies can have
various objectives, such as increasing resilience, resisting
climate influences, facilitating transitions, or realigning/
restoring systems to be more resilient (Peterson et al. 2011).

Developing critical questions based on the vulnerability
assessment, other factors important for resources, and
site-specific ecological and social situations in the context
of larger landscapes would assist land managers in making
reasoned and transparent decisions in applying adaptation
strategies and tactics. Workshops with large and small plan-
ning teams to develop resource-specific critical questions
and their response to those questions could result in the

USDA Forest Service RMRS-GTR-374. 2018



Figure 13.1—General
framework for use of
the Northern Rockies
Adaptation Partnership
vulnerability assessment
and adaptation strategies
and tactics to ask critical
questions and develop a
landscape management
strategy.

NRAP

Vulnerability assessment/
sensitivity

|

Next steps
Critical guestions

watershed, etc. relevant to
resources)

Site-specific questions (in
relation to the landscape)

Landscape questions (forest, ‘

development of broadly applicable management strategies
(see fig. 13.1 for general framework and fig. 13.2 for ex-
ample). A process similar to the Climate Project Screening
Tool (Morelli et al. 2012) could be adapted to landscape

management.

In many cases, similar adaptation options were identified

for more than one resource sector, suggesting a need to
integrate adaptation planning across multiple disciplines.
Adaptation options that yield benefits to more than one re-

source are likely to have the greatest benefit (Halofsky et al.
2011; Peterson et al. 2011; Raymond et al. 2014). However,

some adaptation options involve tradeoffs and uncertainties
that need further exploration. Assembling an interdisciplin-
ary team to tackle this issue will be critical for assessing
risks and developing risk management options.

Figure 13.2—Example
of how a workshop
can be conducted
to answer critical
questions and
develop a landscape
management strategy
for cold-water fish.
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Next steps

Landscape
management strategy

¢ Increase resilience
¢ Resist climate
influences
Facilitate transition
Realign/restore
systems to be more
resilient

¢ Acceptchanges no
actions

——

Climate change adaptation

MNRAP

strategy/tactic
Mo action needed
Actions that maintain or
protect existin g resilience
Actions that mitigate
management impacts to
resilience
Actions that contribute to
increasing resilience

Applications

The climate change vulnerability assessment and adapta-
tion approach developed by the NRAP can be used by the
USEFS, NPS, and other organizations in many ways (fig.
13.3, table 13.2). From the perspective of Federal land
management, this information can be integrated into the fol-
lowing aspects of agency operations:

» Landscape management assessments/planning: The
vulnerability assessment provides information on
departure from desired conditions and best science
on effects of climate change on resources for
inclusion in planning assessments. The adaptation
strategies and tactics provide desired forest/grassland
conditions, objectives, standards, and guidelines for

1. Extract vulnerability
from NRAP

Vulnerability assessment/
sensitivity
Increased stream
temperatures will alter
nonnative fish interactions

)

3

2. Workshop to
develop

Which critical questions need
to be asked to develop
appropriate landscape

management strategies?

—

3. Responses to
critical question

Landscape management
strategy

e Passive - Accept changes to
cold-water fish from climatic
influences

e Facilitate transition -

Maintain and protect only

those refugia projected for

90% probability of quality

habitat

* Realign/restore systems to
be more resilient Actively
mitigate management
actions that affect resilience
in the < 90% probability
segments

)

)

-

4. Consider NRAP
adaptation options

No action recommended

Adaptation actions that
maintain resilience
characteristics of refugia
in the 90th percentile

Adaptation actions that
mitigate management
actions affecting resilience
or pursue actions that
increase resilience
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Figure 13.3—Example applications
of Northern Rockies Adaptation
Partnership products to land
management operations.

Partnership products Management operations

Vulnerability assessment

Scientific synthesis of existing planning

conditions, projected trends, ‘

and climate change effects on
natural resources

* National forest and park

 Landscape assessments

* Resource program

strategies

Adaptation strategies/tactics Policy Act (NEPA) analysis

Menu of recommendations and — * Project design/mitigation
actions based on vulnerabilities

* National Environmental

* Monitoring plans

land management plans and general management
assessments.

Resource management strategies: The vulnerability
assessment and adaptation strategies and tactics
can be used to incorporate NRAP best science into
conservation strategies, fire management plans,

infrastructure planning, and state wildlife action plans.

Project NEPA analysis: The vulnerability assessment
provides best available science for documenting
resource conditions, analyzing effects, and developing
alternatives. Adaptation strategies and tactics provide
mitigation and design tactics at specific locations.

Monitoring plans: The vulnerability assessment can
help identify knowledge gaps that can be addressed
by monitoring in broad-scale strategies, plan-level
programs, and project-level data collection.

We are optimistic that climate change awareness, cli-
mate-smart management and planning, and implementation
of adaptation in the Northern Rockies region will continue
to evolve. We anticipate that within the next decade:

+ Climate change will become an integral component of

business operations.

» The effects of climate change on natural and human

systems will be continually assessed.

* Monitoring activities will include indicators to

detect the effects of climate change on species and
ecosystems.

» Agency planning processes will provide opportunities

to manage across boundaries.

+ Restoration activities will be implemented in the

context of the influence of a changing climate.

* Management of carbon will be included in adaptation

planning.

+ Institutional capacity to manage for climate change

will increase within Federal agencies and local
stakeholders.

* Managers will implement climate-informed practices

in long-term planning and management.

Table 13.2—Example of how information on climate change vulnerability and adaptation can be used in land management
applications for dry forests.

Vulnerability and adaptation information

Land management application

Sensitivity to climatic variability and change

Potential conversion to grassland

Many ponderosa pine forests have converted to Douglas-
fir types due to fire exclusion and are therefore more
susceptible to future fires

Adaptation strategy

Restore fire-adapted ponderosa pine stand conditions in
order to facilitate transition

Tactics

Reduce competition from Douglas-fir and grand fir (thin,
burn) in current mature pine stands

Conduce frequent understory burning
Retain current mature and older ponderosa pine stands
Plant ponderosa pine where it has been lost

Forest/grassland planning: assessment phase

Project National Environmental Policy Act (NEPA)
analysis: existing condition and best science on effects of
climate change on resource

Forest/grassland planning: desired conditions
Project NEPA analysis: purpose and needs

Forest/grassland planning: objectives

Project NEPA analysis: project design features and other
mitigation
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This assessment provides the foundation for implement-
ing adaptation options that help reduce the negative effects
of climate change and assist resources in the transition to a
warmer climate. We hope that through building on existing
partnerships, the assessment will foster collaborative climate
change adaptation in resource management and planning
throughout the Northern Rockies.

References

Halofsky, J.E.; Peterson, D.L.; O’Halloran, K.A.; [et al.]., eds.
2011. Adapting to climate change at Olympic National Forest
and Olympic National Park. Gen. Tech. Rep. PNW-GTR-844.
Portland, OR: U.S. Department of Agriculture, Forest Service,
Pacific Northwest Research Station. 130 p.

Morelli, T.L.; Yeh, Y.; Smith, N.; [et al.]. 2012. Climate project
screening tool: An aid for climate adaptation. Res. Pap. PSW-
RP-263. Albany, CA: U.S. Department of Agriculture, Forest
Service, Pacific Southwest Research Station. 29 p.

National Park Service [NPS]. 2010. National Park Service climate
change response strategy. Fort Collins, CO: U.S. Department of
the Interior, National Park Service, Climate Change Response
Program. 28 p. http://www.nps.gov/orgs/ccrp/upload/NPS
CCRS.pdf [Accessed July 23, 2015].

Peterson, D.L.; Millar, C.I.; Joyce, L.A.; [et al.]. 2011. Responding
to climate change in national forests: a guidebook for
developing adaptation options. Gen. Tech. Rep. PNW-
GTR-855. Portland, OR: U.S. Department of Agriculture,
Forest Service, Pacific Northwest Research Station.

Raymond, C.L.; Peterson, D.L.; Rochefort, R.M., eds. 2014.
Climate change vulnerability and adaptation in the North
Cascades region. Gen. Tech. Rep. PNW-GTR-892. Portland,
OR: U.S. Department of Agriculture, Forest Service, Pacific
Northwest Research Station.

USDA Forest Service [USDA FS]. 2010a. National roadmap
for responding to climate change. Washington, DC: U.S
Department of Agricultue, Forest Service. http://www.fs.fed.us/
climatechange/pdf/roadmap.pdf [Accessed July 23, 2015].

USDA Forest Service [USDA FS]. 2010b. A performance
scorecard for implementing the Forest Service climate change
strategy. Washington, DC: U.S. Department of Agriculture,
Forest Service. http://www.fs.fed.us/climatechange/pdt/
performance scorecard final.pdf [Accessed July 23, 2015].

USDA Forest Service RMRS-GTR-374. 2018

CHAPTER 13:

CONCLUSIONS

475



Federal Recycling Program é " Printed on Recycled Paper



In accordance with Federal civil rights law and U.S. Department of Agriculture (USDA) civil rights regu-
lations and policies, the USDA, its Agencies, offices, and employees, and institutions participating in or
administering USDA programs are prohibited from discriminating based on race, color, national origin,
religion, sex, gender identity (including gender expression), sexual orientation, disability, age, marital sta-
tus, family/parental status, income derived from a public assistance program, political beliefs, or reprisal
or retaliation for prior civil rights activity, in any program or activity conducted or funded by USDA (not

all bases apply to all programs). Remedies and complaint filing deadlines vary by program or incident.

Persons with disabilities who require alternative means of communication for program information (e.g.,
Braille, large print, audiotape, American Sign Language, etc.) should contact the responsible Agency or
USDAs TARGET Center at (202) 720-2600 (voice and TTY) or contact USDA through the Federal Relay
Service at (800) 877-8339. Additionally, program information may be made available in languages other
than English.

To file a program discrimination complaint, complete the USDA Program Discrimination Complaint

Form, AD-3027, found online at How to File a Program Discrimination Complaint and at any USDA

office or write a letter addressed to USDA and provide in the letter all of the information requested in
the form. To request a copy of the complaint form, call (866) 632-9992. Submit your completed form or
letter to USDA by: (1) mail: U.S. Department of Agriculture, Office of the Assistant Secretary for Civil
Rights, 1400 Independence Avenue, SW, Washington, D.C. 20250-9410; (2) fax: (202) 690-7442; or (3)

email: program.intake@usda.gov.

To learn more about RMRS publications or search our online titles:
RMRS web site at: https://www.fs.fed.us/rmrs/rmrs-publishing-services



https://www.ascr.usda.gov/how-file-program-discrimination-complaint
mailto:program.intake@usda.gov

	Summary
	Conclusions
	Contents—Part 2
	Chapter 7: Effects of Climate Change on Rangeland Vegetation in the Northern Rockies Region
	Introduction
	Vegetation Classes
	Vegetation Productivity in Response to Climate Change
	Management Concerns

	Broad-Scale Vulnerability of Rangelands to Climate Change
	Northern Great Plains, Dominated by Mixtures of Cool-Season and Warm-Season Grasses
	Communities Dominated by Montane Shrubs
	Montane Grasslands
	Sagebrush Systems

	Adapting Rangeland Vegetation Management to Climate Change in the Northern Rockies Region
	References
	Appendix 7A—Adaptation Options for Nonforest Vegetation in the Northern Rockies

	Chapter 8: Effects of Climate Change on Ecological Disturbance in the Northern Rockies Region
	Introduction
	Wildfire
	Overview
	Potential Future Wildfire Regimes and Wildfire Occurrence
	Unknowns and Uncertainties

	Bark Beetles
	Overview
	Bark Beetles in the Northern Rockies
	Drivers of Bark Beetle Outbreaks
	Bark Beetle Outbreaks Shape Landscape Patterns
	Potential Future Bark Beetle Regimes and Occurrence
	Expected Effects of Climate Change
	Interactions with Other Disturbance Processes
	Unknowns and Uncertainties

	White Pine Blister Rust
	Overview
	Effects of Climate Change on White Pine Blister Rust
	Interactions with Other Disturbance Processes
	Unknowns and Uncertainties

	Forest Diseases
	Overview
	Broad-Scale Climate Drivers of Forest Diseases
	Effects of Climate Change on Forest Diseases
	Forest Pathogen Interactions

	Nonnative Plants
	Overview
	Effects of Climate Change on Nonnative Species

	References

	Chapter 9: Climate Change and Wildlife in the Northern Rockies Region
	How Climate Affects Wildlife
	The Importance of Community in Defining Habitat
	Evaluating Sensitivity of Species to Climate Change
	Mammals
	Birds
	Amphibians

	Assessing Subregional Differences in Vulnerability
	Adapting Wildlife Management to the Effects of Climate Change
	Acknowledgments
	References
	Appendix 9A—Adaptation Options for Wildlife in theNorthern Rockies

	Chapter 10: Effects of Climate Change onRecreation in the Northern Rockies Region
	Introduction
	Relationships Between Climate Change and Recreation
	Identifying Climate-Sensitive Outdoor Recreation Activities
	Climate Change Vulnerability Assessment
	Current Conditions and Existing Stressors
	Current Management
	Warm-Weather Activities
	Cold-Weather Activities
	Wildlife Activities
	Gathering Forest Products
	Water-Based Activities, not Including Fishing
	Summary

	Adapting Recreation to the Effects of Climate Change
	Adaptation by Recreation Participants
	Adaptation by Public Land Managers

	References
	Appendix 10A—Adaptation Options for Recreation in the Northern Rockies

	Chapter 11: Effects of Climate Change onEcosystem Services in the Northern RockiesRegion
	Introduction
	Ecosystem Services and Public Lands
	Ecosystem Services in the Northern Rockies Region
	Social Vulnerability and Adaptive Capacity
	Ecosystem Service: Water Quantity
	Effects of Climate Change
	Adaptive Capacity
	Risk Assessment

	Ecosystem Service: Water Quality, Aquatic Habitats, and Fish for Food
	Effects of Climate Change
	Adaptive Capacity
	Risk Assessment

	Ecosystem Service: Building Materials and other Wood Products
	Effects of Climate Change
	Forest Products (Commercial Use)
	Adaptive Capacity
	Risk Assessment

	Ecosystem Service: Mining Materials
	Effects of Climate Change
	Adaptive Capacity
	Risk Assessment

	Ecosystem Service: Forage For Livestock
	Effects of Climate Change
	Adaptive Capacity
	Risk Assessment

	Ecosystem Service: Viewsheds And Clean Air
	Effects of Climate Change
	Adaptive Capacity
	Risk Assessment

	Ecosystem Service: Regulation of Soil Erosion
	Effects of Climate Change
	Adaptive Capacity
	Risk Assessment

	Ecosystem Service: Carbon Sequestration
	Baseline Estimates
	Effects of Climate Change
	Adaptive Capacity
	Risk Assessment

	Ecosystem Service: Cultural and Heritage Values
	Effects of Climate Change
	Adaptive Capacity
	Risk Assessment

	Summary
	References

	Chapter 12: Effects of Climate Change onCultural Resources in the Northern RockiesRegion
	Background and Cultural Context in the Northern Rockies Region
	Broad-Scale Climate Change Effects on Cultural Resources
	Risk Assessment

	Adapting to the Effects of Climate Change
	References

	Chapter 13: Conclusions
	Relevance to Agency Climate Change Response Strategies
	Organizational Capacity, Education, and Communication
	Partnerships and Engagement
	Assessing Vulnerability and Adaptation
	Science and Monitoring

	Next Steps
	Implementing Adaptation Strategies and Tactics
	Applications

	References


