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Foreword

Although earth scientists have been studying and discussing climatic variability for
decades, climate change as a household phrase spread into public consciousness
only recently. Awareness erupted in response to wake-up calls such as Al Gore’s
film, An Inconvenient Truth, produced in 2006, and the first United Nations Climate
Change Conference in Copenhagen in 2009. Within land-managing agencies, such
as the U.S. Forest Service and National Park Service, attention spread similarly.
Hunger to learn about this emergent issue cycled a demand from resource managers
on the ground back to scientists. The editors of this book, Climate Change and
Rocky Mountain Ecosystems, as well as many of the chapter authors, responded by
setting out on what turned into multiyear lecture circuits to field offices around the
national forests, grasslands, and parks of the country.

What the scientists learned through those visits was as important as what they
taught. They brought to the field audiences basic knowledge about weather and
climate, interactions of climate and disturbances such as wildfire and insect epidem-
ics, impacts of climate change on vegetation and wildlife, and the role of human
actions in changing climates. What they heard resounded around one big question:
What do we do now? In other words, how should land managers translate basic
scientific information into relevant and practical actions on the ground? In those
early years of discussion among scientists and managers about climate, the manual
for addressing this fundamental question was unwritten and the toolkit empty.

Less than a decade later and the rich content of the current volume emerges, full
of details on how to implement climate-smart resource management under the range
of natural and institutional conditions encountered across landscapes of the Northern
Rocky Mountains. Embracing aquatic to terrestrial ecosystems, plants to animals,
and cultural resources to recreation, the 12 chapters elaborate strategies and tactics
that connect the dots between science and practice in this vast ecoregion.
Significantly, those early sessions of the lecture-circuit years set the stage for the
underlying philosophy of effective climate adaptation promoted herein: the pivotal
role of science-management partnerships. Then as now, teaching and learning reveal
themselves as a multi-way process, with ideas flowing weblike among resource
managers of different staff areas, among scientists of different disciplines, and
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viii Foreword

among scientists and managers. Novel understanding, approaches, and tools
emerged as a result of these interactions. If you want to know how to operationalize
climate planning and practice in the Northern Rockies, read this book.

But wait! The stories and successes explained in this volume apply widely to
other bioregions and institutional settings. The framework presented here, the les-
sons learned, and the library of climate-adaptation practices compiled are readily
propagated elsewhere. The Northern Rockies Adaptation Partnership—the basic
unit for experimentation and learning here—took an all-lands approach that spanned
natural and social ecosystems from the cool-mesic western Rocky Mountains to the
hot-dry rangelands and prairies of the eastern part of the region. With these partners
came decades of collective experience for tackling and surmounting the many real
challenges of resource management, as well as for innovating and implementing
creative solutions. In the end, the reward for thinking and acting in climate-smart
ways will be the heightened capacity of our wildlands, watersheds, and airsheds and
those who live, play, and depend on them to effectively confront the climate chal-
lenges coming at them.

U.S. Forest Service Connie Millar
Albany, CA, USA
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Preface

Climate Change and Rocky Mountain Ecosystems describes the results of a cutting--
edge effort to assess climate change vulnerabilities and develop adaptation options
for ecosystems in the Northern Rocky Mountains region of the United States, focus-
ing on national forests, grasslands, and parks in Northern Idaho, Montana, North
Dakota, Northern South Dakota, and the Greater Yellowstone Ecosystem. Building
on a framework developed in previous subregional climate change efforts, the
Northern Rockies Adaptation Partnership (NRAP) was the first regional-scale,
multi-resource climate change assessment in the United States. The NRAP was
unprecedented in scale, scope, and breadth of the partnership, demonstrating the
value of using a diverse science-management partnership and a consistent frame-
work to assess climate change effects and identify on-the-ground adaptation options.

This book provides concise descriptions of state-of-science climate change vul-
nerability assessments for water, fisheries, vegetation, disturbance, wildlife, recre-
ation, ecosystem services, and cultural resources in the Northern Rockies. Adaptation
strategies and tactics, including both familiar and novel ecosystem management
approaches, are described for all resource areas. Lessons learned and next steps are
also described in a concluding chapter.

Chapter 1 provides an overview of ecosystems in the Northern Rockies region
and outlines the NRAP vulnerability assessment and adaptation process. Chapter 2
describes historical climate and future climate projections for the Northern Rockies
region and five subregions within. Chapters 3, 4, 5, 6, 7 and 8 provide detailed
physical and ecological climate change vulnerability assessments for hydrology,
fisheries, forest and rangeland vegetation, ecological disturbance, and wildlife.
Chapters 9, 10 and 11 focus on climate change vulnerabilities for social values and
resources including recreation, cultural heritage, and other ecosystem services. Far
more than literature reviews, these assessments synthesize the best available sci-
ence, evaluate the quality and relevance of the science for each application, and
identify geographic locations where sensitivity is high. For several assessments,
new climate impact model analyses were conducted. Related adaptation strategies
and tactics are described in each chapter, except for disturbance and ecosystem
services, for which adaptation options are integrated in other chapters. Finally,
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X Preface

Chap. 12 describes potential applications of the vulnerability assessment and oppor-
tunities for implementing adaptation options.

We are optimistic that the vulnerability assessments and adaptation options
developed through the NRAP will result in revised management approaches on the
ground. Follow-up projects are already developing in the region, and information on
potential climate change effects and adaptation is being integrated in national forest
plan revisions, which will help national forests comply with the U.S. Forest Service
2012 Planning Rule. These projects and applications demonstrate the value of
enduring relationships built during the course of the NRAP that have increased the
capability of federal agencies to incorporate climate change in resource manage-
ment and planning.

Only 5 years ago, climate change readiness was barely visible in the western
United States. Now, organizational capacity of federal land management is acceler-
ating as a result of science-management partnerships such as the one described here.
Addressing the effects of climate change on natural resources will be one of the
great challenges for society in future decades. It is our hope that this book will help
improve our understanding of how humans are affecting nature and motivate timely
implementation of adaptation in the years ahead.

School of Environmental and Forest Sciences Jessica E. Halofsky
University of Washington

Seattle, WA, USA

Pacific Northwest Research Station David L. Peterson
U.S. Forest Service

Seattle, WA, USA
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Chapter 1
Assessing Climate Change Effects
in the Northern Rockies

S. Karen Dante-Wood, David L. Peterson, and Jessica E. Halofsky

Abstract The Northern Adaptation Partnership (NRAP) identified climate change
issues relevant to resource management in the Northern Rockies (USA) region, and
developed solutions that minimize negative effects of climate change and facilitate
transition of diverse ecosystems to a warmer climate. The NRAP region covers 74
million hectares, spanning northern Idaho, Montana, northwest 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 stakehold-
ers worked together over a two-year period 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 veg-
etation 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 adapta-
tion 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 Vulnerability assessment ¢ Adaptation options ¢ Northern Rockies ¢
Climate change
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2 S.K. Dante-Wood et al.
1.1 Introduction

The Northern Rocky Mountains—in this case, the portion within the United States—
contain some of the most magnificent landscapes on Earth, stretching from high
mountains to grasslands, from alpine glaciers to broad rivers (Fig. 1.1). Once inhab-
ited solely by Native Americans, the region has been altered by two centuries of
settlement by Euro-Americans, including extractive activities such as timber harvest,
grazing, mining, and water diversions. A significant portion of the Northern Rockies
is managed by federal agencies, including 15 national forests, 3 national parks, and
the largest contiguous area of wilderness in the continental United States.

As “wild” as this region may seem, it is of course not immune to the effects of
climate change. An increase in wildfire extent and large insect outbreaks, and their
relationship to a warmer climate, have captured the attention of both natural resource
managers and the general public. Federal agencies in the region have recognized
that climate change will affect their ability to manage for the ecosystem services
and values to which the public are accustomed. Federal leadership and resource
managers in this region realize that timely adjustment of planning and manage-
ment—through a “climate change lens”—will be needed to accomplish sustainable
resource management in the future.

Recent focus on climate change in the Northern Rockies builds on prior assess-
ment, and adaptation efforts in the western United States have demonstrated the
value of science-management partnerships for increasing climate change awareness
and facilitating adaptation on federal lands:

e Olympic National Forest and Olympic National Park (Washington) produced the
first multi-resource assessment of climate change effects on federal lands, as
well as adaptation options that are now being implemented (Halofsky et al. 2011;
Littell et al. 2012).

e Tahoe National Forest, Inyo National Forest, and Devils Postpile National
Monument held workshops and developed the Climate Project Screening Tool in
order to incorporate adaptation into project planning (Morelli et al. 2012).

e Shoshone National Forest (Wyoming) synthesized information on past climate,
future climate projections, and potential effects of climate change for multiple
ecosystems (Rice et al. 2012).

e The North Cascadia Adaptation Partnership assessed resource vulnerabilities
and developed adaptation options for two national forests and two national parks
in Washington (Raymond et al. 2013, 2014).

In the largest effort to date in the eastern United States, Chequamegon-Nicolet
National Forest (Wisconsin) conducted a vulnerability assessment for forest
resources and developed adaptation options (Swanston et al. 2011; Swanston and
Janowiak 2012). Finally, watershed vulnerability assessments, conducted on 11
national forests throughout the United States, were locally focused (at a national
forest scale) and included water resource values, hydrologic response to climate
change, watershed condition and landscape sensitivity (Furniss et al. 2013).

jhalo@uw.edu



1 Assessing Climate Change Effects in the Northern Rockies 3

National Forests in NRAP  NRAP subregions

Fig. 1.1 National forests and national parks included in the climate change assessment for the
Northern Rockies Adaptation Partnership (NRAP) (Map by R. Norheim)

A conceptual framework and process for conducting assessments and developing

adaptation options on national forests have been well documented (Peterson et al.
2011; Swanston and Janowiak 2012). Five key steps guide this process:

jhalo@uw.edu



4 S.K. Dante-Wood et al.

1. Educate: Ensure that resource managers are aware of basic climate change sci-
ence, integrating that understanding with knowledge of local conditions and
issues.

2. Assess: Evaluate the sensitivity and adaptive capacity of natural and cultural
resources to climate change.

3. Adapt: Develop management options for adapting resources and organizations to
climate change.

4. Implement: Incorporate adaptation options and climate-smart thinking into plan-
ning and management.

5. Monitor: Evaluate the effectiveness of on-the-ground management and adjust as
needed.

1.2 Northern Rockies Adaptation Partnership Process

The Northern Rockies Adaptation Partnership (NRAP) was created to address the
potential effects of climate change in the context of ongoing ecosystem-based man-
agement and ecological restoration. Restoration is a priority in national forests,
especially related to hazardous fuel reduction in dry forests (stand density reduction
plus surface fuel removal), and restoration of riparian areas to improve hydrological
and biological function. Restoration must be integrated with climate change assess-
ment and adaptation to ensure long-term sustainability of ecosystems.

Initiated in 2013, the NRAP is a science-management partnership that includes
U.S. Forest Service (USFS) regional offices and national forests; USFS Pacific
Northwest and Rocky Mountain Research Stations; Glacier, Yellowstone, and Grand
Teton National Parks; Great Northern and Plains and Prairie Potholes Landscape
Conservation Cooperatives; Department of the Interior North Central Climate
Science Center; Greater Yellowstone Coordinating Committee; Oregon State
University; and EcoAdapt. By working collaboratively with scientists and resource
managers and focusing on a specific region, the goal of NRAP was to provide the
scientific foundation for operationalizing climate change in planning, ecological res-
toration, and project management in the Northern Rockies (Peterson et al. 2011;
Swanston and Janowiak 2012; Raymond et al. 2013, 2014). Specific objectives were:

* Conduct a vulnerability assessment of the effects of climate change on hydrol-
ogy, fisheries, wildlife, forested and non-forested vegetation and disturbance,
recreation, cultural resources, and ecosystem services.

* Develop adaptation options that help reduce negative effects of climate change
and assist the transition of biological systems and management to a changing
climate.

* Develop an enduring science-management partnership to facilitate ongoing dia-
logue and activities related to climate change in the Northern Rockies.

Vulnerability assessments typically involve assessing exposure, sensitivity, and
adaptive capacity (IPCC 2007), where exposure is the degree to which the system is

jhalo@uw.edu



1 Assessing Climate Change Effects in the Northern Rockies 5

exposed to changes in climate, sensitivity is an inherent quality of the system that
indicates the degree to which it could be affected by climate change, and adaptive
capacity is the ability of a system to respond and adjust to the exogenous influence
of climate. Vulnerability assessments can be both qualitative and quantitative,
focusing on whole systems or individual species or resources (Glick et al. 2011;
Hansen et al. 2016). For the NRAP, we used scientific literature and expert knowl-
edge to assess exposure, sensitivity, and adaptive capacity relative to key vulnerabil-
ities in each resource area. The assessment process took place over 16 months,
including monthly phone meetings for each of the resource-specific assessment
teams. Each assessment team identified key questions, selected values to assess, and
determined which climate change models best informed the assessment. In some
cases, assessment teams conducted spatial analyses and/or ran and interpreted mod-
els, selected criteria in which to evaluate model outputs, and developed maps of
model output and resource sensitivities.

After identifying key vulnerabilities for each resource sector, workshops were
convened in October and November 2014 in Bismarck, North Dakota; Bozeman,
Montana; Coeur d’Alene, Idaho; Helena, Montana; and Missoula, Montana to pres-
ent and discuss the vulnerability assessment, and to elicit adaptation options from
resource managers. During these workshops, scientists and resource specialists pre-
sented information on climate change effects and current management practices for
each resource area. Information from the region-wide assessment was also down-
scaled to identify the most significant vulnerabilities to climate change for priority
resources in each subregion. Facilitated dialogue was used to identify key sensitivi-
ties and adaptation options. Participants identified strategies (general approaches)
and tactics (on-the-ground actions) for adapting resources and management prac-
tices to climate change, as well as opportunities and barriers for implementing these
adaptation actions into projects, management plans, partnerships and policies.
Participants focused on adaptation options that can be implemented given our cur-
rent scientific understanding of climate change effects, but they also identified
research and monitoring that would benefit future efforts to assess vulnerability and
guide management. Facilitators captured information generated during the work-
shops with a set of spreadsheets adapted from Swanston and Janowiak (2012).
Initial results from the workshops were augmented with continued dialogue with
federal agency resource specialists. Detailed vulnerability assessment and adapta-
tion results are described in a technical report (Halofsky et al. 2017).

1.3 Toward Implementation of Climate-Smart Management

The NRAP vulnerability assessment provides information on climate change effects
needed for national forest and national park plans, project plans, conservation strat-
egies, restoration, and environmental effects analysis. Climate change sensitivities
and adaptation options developed at the regional scale provide the scientific founda-
tion for subregional and national forest and national park vulnerability assessments,

jhalo@uw.edu



6 S.K. Dante-Wood et al.

adaptation planning, and resource monitoring. We expect that over time, and as
needs and funding align, appropriate adaptation options will be incorporated into
plans and programs of federal management units. We also anticipate that resource
specialists will apply this assessment in land management throughout the region,
thus operationalizing climate-smart resource management and planning.

Adaptation planning is an ongoing and iterative process. Implementation may
occur at critical times in the planning process, such as when managers revise USFS
land management plans and other planning documents, or after the occurrence of
extreme events and ecological disturbances (e.g., wildfire). We focus on adaptation
options for the USFS and National Park Service (NPS), but this information can be
used by other land management agencies as well. Furthermore, the approach used
here can be emulated by agencies and organizations outside the Northern Rockies,
thus propagating climate-smart management across larger areas.

The USFS and NPS climate change strategies identify the need to build partner-
ships and work across jurisdictional boundaries when planning for adaptation, that
is, an “all-lands” approach. The NRAP is an inclusive partnership of multiple agen-
cies and organizations with an interest in managing natural resources in a changing
climate. In addition to representatives from the national forests, grasslands, and
parks, several other agencies and organizations participated in the resource sector
workshops. This type of partnership enables a coordinated and complementary
approach to adaptation that crosses jurisdictional boundaries (Olliff and Hansen
2016). Communicating climate change information and engaging employees, part-
ners, and the general public in productive discussions is also an integral part of suc-
cessfully responding to climate change. Sharing climate change vulnerability
assessments and adaptation strategies across administrative boundaries will contrib-
ute to the success of climate change responses throughout the Northern Rockies.

1.4 A Brief Tour of the Northern Rockies

The NRAP includes 15 national forests, 3.2 million hectares of wilderness, and 3
national parks across the USFS Northern Region and the adjacent Greater
Yellowstone Area. The NRAP region covers 74 million hectares (Fig. 1.1), spanning
northern Idaho, Montana, northwest Wyoming, North Dakota, and northern South
Dakota. In order to capture the diversity of biogeography in this reagion, the NRAP
climate change vulnerability assessment and adaptation strategy development pro-
cess were conducted for five subregions:

¢ Western Rockies: Idaho Panhandle National Forest (NF), Kootenai NF, Nez
Perce-Clearwater NF, Glacier National Park (NP)

* Eastern Rockies: Beaverhead-Deerlodge NF (eastern portion), Custer NF (east-
ern portion), Gallatin NF (northern portion), Helena NF, Lewis and Clark NF

¢ Central Montana: Bitterroot NF, Flathead NF, Lolo NF

e Grassland: Custer NF (part), Dakota Prairie Grasslands
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e Greater Yellowstone Area: Bridger-Teton NF, Caribou-Targhee NF, Shoshone
NF, Gallatin NF (southern portion), Custer NF (western portion), Beaverhead-
Deerlodge NF (western portion), Grand Teton NP, Yellowstone NP

1.4.1 Western Rockies Subregion

The Western Rockies subregion, which occupies 7 million hectares, is extremely
mountainous and heavily forested. It contains numerous large rivers, including the
Salmon River which winds 680 km through central Idaho and provides habitat for
Pacific salmon species. Other major rivers include the Clearwater, Kootenai, Pend
Oreille, and Clark Fork of the Columbia (Fig. 1.2). Climate in this region is affected
by a maritime atmospheric pattern; summers are hot and dry, and winters are rela-
tively cold due to the high amount of moisture carried through the Columbia River
Gorge.

Commercially harvested coniferous species in this area include Douglas-fir
(Pseudotsuga menziesii), Engelmann spruce (Picea engelmannii), grand fir (Abies
grandis), lodgepole pine (Pinus contorta var. latifolia), ponderosa pine (P. ponder-
osa), subalpine fir (A. lasiocarpa), western hemlock (Tsuga heterophylla), western
larch (Larix occidentalis), western redcedar (Thuja plicata), and western white pine
(P. monticola). Other species not used for wood products include whitebark pine (P.
albicaulis), limber pine (P. flexilis), alpine larch (Larix lyallii), mountain hemlock
(Tsuga mertensiana), and western juniper (Juniperus occidentalis). Quaking aspen
(Populus tremuloides), black cottonwood (P. nigra) and paper birch (Betula papyr-
ifera) are also commonly found. Common shrub species include serviceberry

Fig. 1.2 The Western Rockies subregion is characterized by complex mountainous topography
with mixed conifer forests and streams (Photo by U.S. Forest Service)
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(Amelanchier alnifolia), redosier dogwood (Cornus sericea), oceanspray
(Holodiscus discolor), Lewis mockorange (Philadelphus lewisii), huckleberries
(Vaccinium spp.) and smooth sumac (Rhus glabra) (Sullivan et al. 1986).

The Western Rockies provide habitat for over 300 animal species, including
iconic mammals such as black bear (Ursus americanus), grizzly bear (U. arctos),
elk (Cervus elaphus), moose (Alces alces), and gray wolf (Canis lupus). Avian taxa
include bald eagle (Haliaeetus leucocephalus), golden eagle (Aquila chrysaetos),
osprey (Pandion haliaetus), many species of owls, wild turkey (Meleagris gal-
lopavo), California quail (Callipepla californica), and greater sage-grouse
(Centrocercus urophasianus). Fish species include native cutthroat trout
(Oncorhynchus clarkii), rainbow trout (O. mykiss), and bull trout (Salvelinus con-
fluentus), and nonnative brook trout (S. fontinalis). The Kootenai River is home to
the endangered white sturgeon (Acipenser transmontanus) and threatened burbot
(Lota lota).

Wildfire is a dominant influence on the structure, function, and productivity of
forest ecosystems in the Western Rockies, with stand replacement fires occurring at
50-500 year intervals, and surface fires occurring in dry forests at 2-50 year inter-
vals. Frequent fires keep many forests in the early stages of succession as indicated
by high numbers of western larch and pine (Schnepf and Davis 2013), although fire
exclusion during the past 80 years has reduced fire frequency in lower-elevation dry
forests, resulting in dense stands and elevated accumulation of surface fuels.

Mountain pine beetles (Dendroctonus ponderosae) kill large numbers of lodge-
pole pine, often in outbreaks of thousands of hectares, and they increasingly kill
whitebark pine and limber pine (P. flexilis) at high elevation as the climate continues
to warm. White pine blister rust (Cronartium ribicola), a nonnative fungus, causes
mortality in five-needle pines (western white pine, whitebark pine, limber pine), and
has greatly reduced the dominance of western white pine (Schwandt et al. 2013).
Forests dominated by Douglas-fir and grand fir have increased as a result, accelerat-
ing forest succession toward shade tolerant, late-successional true firs, western
hemlock, and western redcedar (Bollenbacher et al. 2014).

1.4.2 Central Rockies Subregion

The Central Rockies subregion, which occupies 5 million hectares, contains steep
mountains, rolling meadows, large rivers, and lakes, and alpine ecosystems through-
out its mountain ranges (Fig. 1.3). It also contains the largest contiguous area of
designated wilderness in the United States outside of Alaska. The Bitterroot and
Missoula Valleys located in west-central Montana experience an inland mountain
climate. Air masses that develop over the Pacific Ocean release moisture in the
Cascade Range and over the mountains of northern Idaho. West-central Montana
occupies the rain-shadow area, receiving dried-out Pacific air and little moisture in
the valley bottoms (Lackschewitz 1991). Climate in the Flathead and Glacier region
is similar, influenced by the Pacific Maritime atmospheric pattern with warm, dry
summers and wet, cold winters.
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Fig. 1.3 The Central Rockies subregion is characterized by glacially carved topography, dense
coniferous forest, and lakes in high mountain landscapes (Photo by U.S. Forest Service)

Microclimate has a big effect on the distribution and productivity of vegetation.
Forests in the Bitterroot and Missoula valleys are drier than those in Idaho and
northwestern Montana. Species found here include western redcedar, western white
pine, Pacific yew (Taxus brevifolia), bride’s bonnet (Clintonia uniflora), American
trail plant (Adenocaulon bicolor), and threeleaf foamflower (Tiarella trifoliata).
Intermountain forest species dominate the west-central Montana landscape, includ-
ing western larch, alpine larch (Larix lyallii), ponderosa pine, mock azalea
(Mencziesia ferruginea), and common beargrass (Xerophyllum tenax). Bottomland
ponderosa pine and hardwood species are found in moist sites, whereas different
types of bunchgrass species (Agropyron, Festuca) and a mixture of ponderosa pine
and bunchgrasses are found in dry sites. Douglas-fir, grand fir, and subalpine fir
dominate at higher elevation (Lackschewitz 1991). In the Flathead Valley and
Glacier National Park, lower elevations are dominated by Douglas-fir, ponderosa
pine, grand fir, Engelmann spruce, and western redcedar. Douglas-fir, western larch
and subalpine fir are common at mid elevation, and whitebark pine is found at high
elevation (Newlon and Burns 2009). Black cottonwood and quaking aspen are com-
mon deciduous trees at lower elevations.

The Central Rockies contain over 60 species of mammals, with wilderness loca-
tions having relatively intact populations, including gray wolf, Canada lynx (Lynx
canadensis), mountain lion (Felis concolor), mountain goat (Oreamnos america-
nus), bighorn sheep (Ovis canadensis), and grizzly bear. Hundreds of bird species
are found in the Central Rockies, including killdeer (Charadrius vociferus) and
spotted sandpiper (Actitis macularius) in riparian areas, song sparrows (Melospiza
melodia) in grassland, and willow flycatcher (Empidonax traillii) and MacGillivray’s
warbler (Geothlypis tolmiei) in shrubby habitat. Rivers contain populations of native
bull trout, westslope cutthroat trout (Oncorhynchus clarki lewisi), northern pike
minnow (Ptychocheilus oregonensis), and largescale sucker (Catostomus
macrocheilus).
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Wildfires were fairly regular at lower and middle elevations in the Bitterroot and
Missoula valleys prior to 1900. Seral western larch and lodgepole pine previously
dominated north-facing slopes, but fire exclusion has led to increased dominance of
shade tolerant species. As a result, silvicultural and prescribed burning treatments
are being used to increase the distribution and abundance of seral tree and shrub
species (Lackschewitz 1991). Wildfires are becoming increasingly expensive to
control as they make their way around the forested landscape but also as they enter
the wildland-urban interface. Mountain pine beetle has caused serious damage and
mortality to whitebark pine over the past century (Bartos and Gibson 1990). White
pine blister rust has caused extensive mortality in whitebark pine, especially in
Glacier National Park and adjacent areas, where over 70% of the trees are infected
and 30% have died.

1.4.3 Eastern Rockies Subregion

The Eastern Rockies subregion (Fig. 1.1), in central and southwest Montana, con-
tains coniferous forests on the eastern side of the Continental Divide, extending
from high mountains in the west to broad plains in the east, including several large
wilderness areas. Climate varies, based on location relative to the Continental
Divide. The western side receives more precipitation as air masses from the west
cool and release moisture over the mountain ranges, whereas on the eastern side, the
air becomes warmer and drier, often accompanied by downslope air movement
(Chinook winds) (Phillips 1999); the eastern portion of the subregion experiences a
drier continental climate.

Numerous rivers flow through the Eastern Rockies, including the Missouri,
Blackfoot, and Smith Rivers. The longest river in North America, the Missouri,
begins at the confluence of the Jefferson and Madison Rivers near Three Forks,
Montana and includes three reservoirs (Canyon Ferry, Hauser, and Upper Holter).
These rivers are known for their blue-ribbon trout fishery status, scenic floats, and
other water-based recreational activities.

Vegetation varies as a function of elevation and aspect. Lower elevations are domi-
nated by grassland and sagebrush steppe that include needle-and-thread grass
(Hesperostipa comata), Idaho fescue (Festuca idahoensis), sagebrush (Artemisia
spp.), rabbitbrush (Ericameria nauseosa), and many herbaceous species. Fremont’s
cottonwood (Populus fremontii), yellow willow (Salix lutea), coyote willow (S.
exigua), woods rose (Rosa woodsii), and golden currant (Ribes aureum) are found
along rivers and streams. Dominant species in foothills and woodlands include limber
pine, Rocky Mountain juniper (Juniperus scopulorum), Douglas-fir, and ponderosa
pine. Understory species include antelope bitterbrush (Purshia tridentata),
mountain-mahogany (Cercocarpus spp.), and skunkbrush sumac (Rhus aromatica var.
simplicifolia). Douglas-fir and ponderosa pine dominate upper montane slopes, and
lodgepole pine and Engelmann spruce are common at high elevation (Phillips 1999).
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Iconic mammal species include mountain goat, bighorn sheep, elk, mountain
lion, Canada lynx, wolverine (Gulo gulo), and black bear. Bird species include bald
eagle, greater sage-grouse, peregrine falcon (Falco peregrinus), and red-tailed hawk
(Buteo jamaicensis). Fly fishing opportunities in rivers and streams are plentiful due
to abundant populations of westslope cutthroat trout, rainbow trout, brook trout, and
northern pike (Esox lucius).

Forests have been subject to widespread drought, wildfire, and insect outbreaks
over the past 20 years (Montana DEQ 2013). Several large wildfires have burned
with uncharacteristic intensity because the absence of fire for several decades has
resulted in elevated fuel accumulation. Mountain pine beetle has caused extensive
mortality of lodgepole pine and some ponderosa pine, resulting from the concur-
rence of older, non-vigorous stands and elevated beetle populations caused by
warmer temperature. Western spruce budworm has caused mortality and stunted
growth in Engelmann spruce and Douglas-fir in some areas.

1.4.4 Greater Yellowstone Area Subregion

The Greater Yellowstone Area (GYA) subregion (Fig. 1.1), which occupies 9 mil-
lion hectares, is defined by a group of 24 conterminous mountain ranges that wrap
around the Yellowstone Plateau (Morgan 2007). The Yellowstone “hotspot” of ther-
mal activity and associated geological forces have shaped the geography, topogra-
phy, climate, soils, and biota of the GYA. The heat of eruptions that created calderas
in this area provides the source for hot springs and geysers, one of the primary rea-
sons that Yellowstone National Park was established; more geysers are found here
than anywhere else in the world (NPS 2015).

The GYA is the source of the Missouri/Mississippi, Snake/Columbia, and
Green/Colorado River systems. The Missouri River begins in the northwest corner
of the GYA and merges into the Mississippi River, the Snake River begins in the
southeast corner of the GYA and merges into the Columbia River, and the Green
River is the main tributary of the Colorado River. Climate is predominantly conti-
nental in this subregion, with mild summers accompanied by thunderstorms, and
cold winters with heavy snow at high elevations.

The GYA is one of the largest relatively intact and functional natural ecosystems
in the temperate zone (Keiter and Boyce 1991). Valley bottoms are generally occu-
pied by lodgepole pine (NPS 2013), lower slopes and richer soils support Engelmann
spruce, subalpine fir, and Douglas-fir (Morgan 2007), and the highest elevations are
dominated by whitebark pine (NPS 2012). Quaking aspen, willows, and cotton-
woods are also found on valley toe slopes and bottoms. Mountain big sagebrush
(Artemisia tridentata var. vaseyana) and Idaho fescue dominate lower elevation
grassland and meadows (NPS 2012).

The GYA appears to have retained most of its historical complement of vertebrate
wildlife species (NPS 2013), including significant elk and bison (Bison bison) herds.
This ecosystem supports other megafauna such as grizzly bear, moose, white-tailed
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deer (Odocoileus virginianus), gray wolf, and coyote (Canis latrans). Distinctive
avifauna include trumpeter swan (Cygnus columbianus) and bald eagle. Several
hundred species of other small mammals and birds, and thousands of species of
insects and other invertebrates occupy the subregion (Keiter and Boyce 1991).

Of the many fish species found in the GYA, westslope cutthroat trout and
Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri) are keystone species
preyed upon by many wildlife species. Cutthroat trout are at risk from hybridization
and competition with nonnative lake trout (Salvelinus namaycush) (NPS 2012).

Wildfire has had an enormous impact in the subregion, especially the fires of
1988, which burned 500,000 hectares. These fires helped change how scientists,
resource managers, and the general public think about the role of large fires in the
fire ecology of Western forests. Mountain pine beetles have killed thousands of
hectares of lodgepole pine in the GYA, although the outbreaks have not been as
extensive as in other areas of North America.

1.4.5 Grassland Subregion

The Grassland subregion (Fig. 1.1), which occupies 48 million hectares (mostly on
private land), extends across portions of Montana, Wyoming, North Dakota and
South Dakota, where the rolling topography was influenced by glacial activity. The
Missouri, Red, and Souris (or Mouse) Rivers are the three major river systems, in
addition to the Tongue and Powder Rivers that the flow into the Yellowstone River
in the southern portion of the subregion.

Three very different ecosystem types exist here: badlands, prairie, and ponderosa
pine forest. The pine forests are found in “islands of green in a sea of rolling prai-
rie.” Most of the ponderosa pine forest in the Custer National Forest burned in the
last decade. Located mostly along the Little Missouri River, the badlands are a col-
lection of rugged landscapes as described above. Sioux Indians called the badlands
“makosika” (land bad), and the French explorers called it “les mauvais terrers a
traverser” which means bad lands to travel across (Bluemle 1996).

Vegetation in the badlands is dominated by grasses, forbs, shrubs, and small
trees. Shortgrasses are dominant because annual precipitation is less than 30 cm.
Common bunchgrasses include little bluestem (Schizachyrium scoparium), blue
grama (Bouteloua gracilis), and needle-and-thread (Hesperostipa comata). Open
areas that can retain moisture throughout the year can support deciduous trees, such
as eastern cottonwood (Populus deltoides), green ash (Fraxinus pennsylvanica),
boxelder (Acer negundo) and American elm (Ulmus americana). Drainages
dominated by trees provide habitat for shrubs such as western serviceberry and
chokecherry (Prunus virginiana). Shrubs found in drier locations include sage-
brush, winterfat (Krascheninnikovia lanata), rabbitbrush, and buckbrush (Ceanothus
cuneatus). The badlands landscape provides wildlife habitat in native prairie, sage-
brush, woody draws, shrubby areas, and buttes. This habitat supports several large
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Fig. 1.4 The Grassland subregion is characterized by both native prairie (/eft) and badlands (right)
(Photos by U.S. Forest Service)

mammals (bighorn sheep, pronghorn, elk, white-tailed deer, and mule deer) and a
broad range of birds, reptiles, and amphibians.

The native prairie component of the Grassland subregion is dominated by grasses
and forbs that tolerate low precipitation, strong winds, cold winters and hot sum-
mers, frequent wildfire, and herbivory (Fig. 1.4). Native grasses, which have exten-
sive root systems that allow them to persist under stressful conditions (Herman and
Johnson 2008a) include tallgrass, mixed grass, and shortgrass prairie. Most prairies
have been largely replaced by agriculture because of their fertile soils. American
bison was formerly the dominant herbivore on the prairies, and Native Americans
depended on bison for their livelihood. However, Euro-American settlement and
hunting nearly drove the bison to extinction. Other mammals found in prairie habi-
tat include elk, red fox (Vulpes vulpes), coyote, and many smaller species. The
Grassland subregion is home to over 100 species of fish, including northern pike,
walleye (Sander vitreus), and sauger (Sander canadensis). Walleye inhabit large
reservoirs such as Lake Sakakawea and Lake Oahe, while sauger are mostly found
in the Missouri River (Herman and Johnson 2008b).
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Chapter 2
Historical and Projected Climate
in the Northern Rockies Region

Linda A. Joyce, Marian Talbert, Darrin Sharp, and John Stevenson

Abstract Climate influences the ecosystem services we obtain from forest and
rangelands. An understanding of how climate may change in the future is needed to
consider climate change in resource planning and management. In this chapter, we
present the current understanding of the future changes in climate for the Northern
Rockies region. Projected climate was derived from climate models in the Coupled
Model Intercomparison Project version 5 (CMIP5) database, which was used in the
most recent Intergovernmental Panel on Climate Change reports. Climate models
project that the Earth’s current warming trend will continue throughout the twenty-
first century in the Northern Rockies. Compared to observed historical temperature,
average warming across the Northern Rockies is projected to be about 2-3 °C by
2050, depending on greenhouse gas emissions. Seasonally, projected winter maxi-
mum temperature begins to rise above freezing in the mid-twenty-first century in
several parts of the region. Projections for precipitation suggest a slight increase in
the future, but precipitation projections, in general, have much higher uncertainty
than those for temperature.
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2.1 Introduction

Climate influences the ecosystem services that our society obtains from forest and
rangeland ecosystems. Climate is described by the long-term characteristics of pre-
cipitation, temperature, wind, snowfall, and other measures of weather in a particu-
lar place. Day to day implementation of resource management practices are made in
response to weather conditions; resource management strategies and plans are
developed using our understanding of climate, the long-term average conditions.
With the need to consider climate change in planning and management, an under-
standing of how climate may change in the future in a resource management plan-
ning area is valuable. In this chapter, we present the current understanding of
potential future changes in climate for the Northern Rockies region.

Climate within the Northern Rockies region is influenced by the warm, wet mari-
time airflows from the Pacific Ocean and the cooler, drier airflows from Canada. In
the Western, Central, Eastern, and Greater Yellowstone Area subregions (see Fig.
1.1 in Chap. 1), climate, especially at local scales, is strongly influenced by interac-
tions among topography, elevation, and aspect. On the eastern edge of the Northern
Rockies region, the Grassland subregion is influenced primarily by the cooler, drier
airflows from Canada. Consequently, there are broad east-west changes in precipita-
tion seasonality and amount, as well as strong elevation influences on temperatures.
Trends and drivers for climatic variations will differ greatly from east to west.

2.2 Climate Model Overview

Global climate models have been used to understand the nature of global climate,
how the atmosphere interacts with the ocean and the land surface. Scientists can use
these models to pose questions about how changes in atmospheric chemistry affect
global temperature and precipitation patterns. Given a set of plausible greenhouse
gas emission scenarios, these models can be used to project potential future climate.
These projections can be helpful in understanding how the environmental condi-
tions of plants and animals might change in the future; how streamflow might vary
with precipitation and timing of snowmelt; how wildfire, insects and disease out-
breaks might be affected by changes in climate; and how humans might respond in
their use of the outdoors and natural resources.

The Coupled Model Intercomparison Project (CMIP) began in 1995 to coordi-
nate a common set of experiments for evaluating changes to past and future global
climate (Meehl et al. 2007). This approach allows comparison of results from differ-
ent global climate models around the world and improves our understanding of the
“range” of possible climate change. The third CMIP modeling experiments, or
CMIP3, were used in the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (IPCC 2007), whereas CMIP5, the latest experiments,
were used in the IPCC Fifth Assessment Report (IPCC 2013). The CMIP3
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simulations of the twenty-first century were forced with emission scenarios from
the Special Report on Emissions Scenarios (SRES) (Naki¢enovi¢ et al. 2000). The
CMIP5 simulations of the twenty-first century are driven by representative concen-
tration pathways (RCPs) (van Vuuren et al. 2011). The RCPs do not define emis-
sions, but instead define concentrations of greenhouse gases and other agents
influencing the climate system. RCPs represent the range of current estimates
regarding the evolution of radiative forcing, the total amount of extra energy enter-
ing the climate system throughout the twenty-first century and beyond. Projections
made with RCP 2.6 show a total radiative forcing increase of 2.6 Wm= by 2100;
projected increased radiative forcing through the scenarios of RCP 4.5, RCP 6.0 and
RCP 8.5 indicate increases of 4.5, 6.0, and 8.5 Wm™2, respectively. Unlike the SRES
scenarios used in CMIP3, the RCPs in CMIP5 do not assume any particular climate
policy actions.

2.3 Methods Used to Assess Future Climate in the Northern
Rockies Region

In this chapter, we use results from the CMIP5 climate models to explore potential
changes in the climate of the Northern Rockies region. Because output from global
climate models is generally too coarse to represent climate dynamics in subregions
and management areas relevant for the Northern Rockies, we utilized one of the
many methods to bring climate projection information down to a scale that can be
helpful to resource managers. We drew on climate projections that had been down-
scaled using the bias-correction and spatial disaggregation (BCSD) method (Maurer
et al. 2007). Historical modeled and projected monthly temperature and precipita-
tion for the 1950-2099 period were obtained from the Climate and Hydrology
Projections archive at http://gdo-dcp.ucllnl.org/downscaled_cmip_projections. We
used projections from 36 climate models for RCP 4.5 and 34 climate models for
RCP 8.5 (Joyce et al. 2017). Spatial resolution of the data is 1/8-degree latitude-
longitude and covers the entire Northern Rockies region.

Many of the resource chapters in this book drew on the CMIP3 projections that
have been widely used in other assessments, such as the National Climate
Assessment (Walsh et al. 2014), and the Forest Service Resource Planning Act
Assessment (U.S. Department of Agriculture Forest Service 2012). Climate pro-
jections by Littell et al. (2011) have been used widely in the Pacific Northwest,
hence we compared the CMIP5 results with the CMIP3 projections of Littell et al.
(2011). For the Northern Rockies Region, projected change in temperature by the
2040-2060 period ranges from just under 1.1 °C to nearly 4.4 °C, with greater
projected change under the RCP 8.5 scenario than the RCP 4.5 scenario. Change in
precipitation across these CMIP5 models ranges from a decrease of 5% to an
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increase of 25% with a mean projected change of around 6% and 8% for RCP 4.5
and RCP 8.5, respectively. We conclude that the CMIP3 results for this region are
in the same temperature range for the 2040-2060 period as the CMIPS5 results pre-
sented here, but the CMIP5 precipitation projections are slightly wetter in the
future (Joyce et al. 2017).

To report on the CMIPS5 results for the Northern Rockies region, we used a base
period of 1970-2009 for the historical climate, and compare projections for two
periods (2030-2059, 2070-2099) with this historical climate (Fig. 2.1). These time
periods were selected in an attempt to summarize climate that has influenced the
current conditions (base period) and two future periods that will be relevant to long-
term management action (such as road construction, hydrological infrastructure
[see Chap. 3], or vegetation planting [see Chap. 5]). We report on the potential vari-
ability in projected climate across the Northern Rockies region by summarizing
temperature and precipitation in the five subregions: Western Rockies, Central
Rockies, Eastern Rockies, Greater Yellowstone Area, and Grassland (see Fig. 1.1 in
Chap. 1). Data analysis was carried out in R (R Core Team 2016).

2.4 Projected Future Climate in the Northern Rockies

All subregions in the Northern Rockies will see increasingly warmer temperatures
through the twenty-first century (Fig. 2.1). The historical map reflects the cooler tem-
peratures in the mountainous regions, with the Greater Yellowstone Area subregion
the coolest area and the Grassland subregion the warmest (Fig. 2.1). All areas are
projected to warm under both RCPs, but warming is greater under RCP 8.5. Projections
for precipitation suggest a slight increase in the future. However, precipitation projec-
tions, in general, have much higher uncertainty than those for temperature.

In the Western Rockies subregion, mean temperature is projected to increase
2.8-5.6 °C by 2100. Historically, winter, spring, and autumn minimum temperatures
have been below freezing, a biologically important threshold. Spring minimum tem-
peratures rise above freezing by mid-twenty-first century for RCP 8.5 and by 2080 in
the RCP 4.5 scenario. Winter minimum temperatures remain below freezing in both
future scenarios. However, maximum temperatures for winter, historically just below
freezing, rise above freezing in both scenarios by the end of the century. Seasonal
precipitation is projected to be slightly wetter in winter and spring, and slightly drier
in summer.

In the Central Rockies subregion, annual mean monthly minimum temperature is
projected to increase 3.3-6.7 °C, and annual mean monthly maximum temperature
is projected to increase 2.8—6.1 °C by 2100. Summer mean maximum temperatures
are projected to rise 2.8-6.5 °C, with the projected temperatures for the RCP 8.5
scenario outside of the historical ranges. Mean monthly minimum temperature
(spring and autumn) and the mean monthly maximum temperature (winter), all his-
torically below freezing, may rise above freezing by mid- to late-century. Seasonal
precipitation is projected to be slightly wetter in winter and spring, and slightly drier
in summer.
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Fig. 2.1 Historical (1970-2009) and projected (2030-2059 and 2070-2099) mean annual monthly
temperature for the Northern Rockies region under RCP 4.5 and RCP 8.5 scenarios. Projected
climate results are the mean of 36 models for RCP 4.5 and 34 models for RCP 8.5. Spatial resolu-
tion of the data is 1/8-degree latitude-longitude

By 2100, annual mean monthly minimum temperature in the Eastern Rockies
subregion is projected to increase 3.3—6.1 °C, and annual mean monthly maximum
temperature is projected to increase 2.8—6.1 °C. Mean monthly maximum and mini-
mum temperatures are projected to increase for all seasons. Mean monthly minimum
temperature (spring and autumn) have historically been below freezing; these sea-
sonal temperatures are projected to increase 2.8 °C for RCP 4.5, resulting in tem-
peratures around freezing by end of twenty-first century. For the warmer scenario,
summer maximum temperatures are projected to increase by 5.5 °C. The majority of
the model projections rise above the historical range by the end of the century.
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In the Greater Yellowstone Area subregion, annual mean monthly minimum tem-
perature is projected to increase 2.8-5.6 °C, and annual mean monthly maximum
temperature is projected to increase 3.9-6.7 °C by 2100. Winter maximum tempera-
ture is projected to rise above freezing in the mid-twenty-first century. Projected
summer temperature is projected to increase 2.8 °C by 2060 and 5.6 °C by 2100.
The Greater Yellowstone Area subregion is an area where changes at the local scale
may differ from these broader estimates because of the complexities of topography,
elevation, and aspect. These terrain complexities as well as snowpack conditions
may provide areas of refugia for both plants and animals as climate changes.

For the Grassland subregion, warming trends indicate that future climate will be
similar to the area south of this region. There is a pattern of a drier west and wetter
east, with the average of climate models showing a slight shift to more of the wetter
east. However, even with little or no change in precipitation, there is the potential
for summer drying or drought caused by increased heat and increased evapotranspi-
ration. Summer maximum temperatures increase by more than 6.5 °C; the majority
of the projections by 2100 are outside of the historical range of maximum summer
temperatures. Early snowmelt from the west will imply changes in streamflow and
temperature, and therefore reservoir management and stream ecology.
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Chapter 3

Effects of Climate Change on Snowpack,
Glaciers, and Water Resources in the Northern
Rockies

Charles H. Luce

Abstract Many of the effects of climate change on ecosystems will be mediated
through changes in hydrology. Decreasing snowpack and declining summer flows
with warming will alter timing and availability of water supply, affecting agricul-
tural, municipal, and public uses in and downstream from national forests. Declining
summer low flows will affect water availability during late summer, the period of
peak demand for irrigation and power supply. Increased magnitude of peak stream-
flows 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.

Primary adaptation strategies to address changing hydrology in the Northern
Rockies include restoring the function of watersheds, connecting floodplains, reduc-
ing drainage efficiency, maximizing valley storage, and reducing hazardous fuels.
Tactics include adding wood to streams, restoring American beaver populations,
modifying livestock management, and reducing surface fuels and forest stand densi-
ties. Primary strategies for infrastructure include increasing the resilience of stream
crossings, culverts, and bridges to higher peak flows and facilitating response to
higher peak flows by reducing the road system and disconnecting roads from
streams. Tactics include installing higher capacity culverts, and decommissioning
roads or converting them to alternative uses. Erosion potential to protect water qual-
ity can be addressed by reducing hazardous fuels in dry forests, reducing non-fire
disturbances, and using road management practices that prevent erosion.

Keywords Climate change ¢ Streamflow ¢ Snowpack ¢ Glaciers * Adaptation
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3.1 Introduction

The effects of climate change on ecosystems will be mediated through changes in
hydrology. Changes in snow accumulation and melt have been documented with
recent warming across the western United States (Service 2004; Barnett et al. 2005),
and these changes affect when water is available for both forests and fish. In the
West, changes in summer atmospheric circulation patterns may alter the ability of
summer precipitation to ameliorate summer drought and dampen wildfire spread
(IPCC 2013). Fish will be affected by both lower low flows with earlier snowmelt
and higher midwinter floods caused by rain-on-snow events. Reduced snowpacks
and declining summer water supplies will also affect municipal and agricultural uses,
as approximately 70% of the water supply in the western United States is tied to
mountain snowpacks (Service 2004). This chapter describes mechanisms of hydro-
logic change with climate warming in the Northern Rocky Mountains, with specific
discussions on effects on snowpack and glaciers, streamflow, and drought, and con-
sideration of variations and uncertainties in potential effects across the region.

3.2 Mechanisms for Climate Change Effects on Hydrology

The hydrological consequences of warmer temperatures include less snowpack and
greater evaporative demand from the atmosphere. Snowpack depth, extent, and
duration are expected to decrease with less precipitation falling as snow (Pierce
et al. 2008), and earlier melt (Luce et al. 2014). However, the degree of change
expected as a result of warming varies across the landscape as a function of tem-
perature (Luce et al. 2014). Places that are warm (near the melting point of snow)
are expected to be more sensitive than places where temperatures remain below
freezing throughout much of the winter (Woods 2009). In the coldest locations,
snowpack may increase with increasing winter precipitation under changing climate
(Hamlet et al. 2013).

The relationship of evapotranspiration to a warming climate is complex (Roderick
et al. 2014). Warmer air can hold more water, and thus, even if relative humidity
stays constant, there will be an increase in vapor pressure deficit (the difference
between the actual water content of the air and water content at saturation). Increased
vapor pressure deficit creates a water vapor gradient between leaves and the atmo-
sphere that can draw moisture out of leaves. Evaporation, however, is an energy
intensive process, and there is only so much additional energy that will be available
for evaporation. Leaves also hold moisture more tightly when conditions become
dry. Thus, most of the energy from increased longwave radiation with climate
change will likely result in warming rather than increased evaporation (Roderick
et al. 2015).

Precipitation has a more direct impact on hydrologic processes than temperature,
but potential changes in precipitation in a warming climate are more uncertain
(Bl6schl and Montanari 2010; IPCC 2013). On average, across many global climate
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models (GCMs), precipitation is expected to increase slightly in the Northern
Rockies region, but the range in projections is quite large (on the order of +30 to
—20%; see Chap. 2). Because of this uncertainty in precipitation, the general
approach in this and other analyses is to use an ensemble average (i.e., average
across many GCMs) for precipitation. The chapter also includes discussion on which
processes or hydrologic outcomes are most uncertain and where.

Although there is substantial quantitative disagreement among GCMs in pro-
jected precipitation behavior, there is some agreement on the general physical
mechanisms behind precipitation change. Dynamic drivers of precipitation change
include changes in global circulation patterns (e.g., the Hadley cell extent) and
changes in mid-latitude eddies. Changes in teleconnection patterns, for example the
North American Monsoon System, would also fall into this category. Thermodynamic
changes occur with warming because a warmer atmosphere can hold more water
(Held and Soden 2006). According to a non-linear Clausius-Clapeyron relationship
(saturation vapor pressure versus temperature), rough expectations for precipitation
change are on the order of a 7% increase in precipitation per 1 °C of temperature
change. There are, however, other physical limits to energy driving the cycling of
water in the atmosphere, leading to lesser estimates on the order of 1.6% per 1 °C
of temperature change at the global scale, with individual grid cells being less or
potentially negatively affected, particularly over land (Roderick et al. 2014).
Different approaches to scaling the thermodynamic contribution to precipitation is
one of the reasons for differences among GCM projections, although differences in
the dynamic process modeling can be significant as well.

One key outcome of thermodynamically-driven changes is that when precipita-
tion happens, it is expected to fall with greater intensity. In turn, there will likely be
longer-duration dry spells between precipitation events. These dry spells may deter-
mine drought duration in locations where summer precipitation is an important
component of the summer water budget (Luce et al. 2016), such as much of eastern
Montana, and low elevations in western Montana. Much of the Northern Rockies
region has a substantially wetter May and June than July and August, and in some
cases, May through June precipitation is on a par with or exceeds the winter snow-
pack contribution to the annual water budget. In these locations, snowpack changes
may have fewer consequences than changes in summer precipitation, which can be
an important determinant of the severity of summer drought and the fire season
(Abatzoglou and Kolden 2013).

Climate change may also lead to changes in orographic enhancement of precipi-
tation over mountain areas in the Pacific Northwest. Historical changes in westerly
windflows have led to a decrease in the enhancement of winter precipitation by
orographic lifting over mountain ranges (Luce et al. 2013), raising the important
question of whether such a pattern may continue into the future. Westerly winds
across the Pacific Northwest are strongly correlated with precipitation in mountain-
ous areas, but valley precipitation is not, nor is precipitation in much of eastern
Montana. However, because precipitation falls mostly in mountain areas where
streamflows originate, the potential for future changes in orographic enhancement
of precipitation are important to consider. The variable infiltration capacity (VIC)
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model simulations detailed later in this chapter do not include this effect, so for
purposes of general discussion, it can be considered an additional source of uncer-
tainty for precipitation.

3.3 Effects of Climate Change on Snowpack and Glaciers

Snowpack has declined across the western United States over the last few decades
(Mote et al. 2005; Regonda et al. 2005; Pierce et al. 2008). Although earlier work
attributed declines primarily to warming temperatures, the interior parts of the
Northern Rockies are cold enough to be relatively insensitive to warming and
strongly sensitive to precipitation variation (Mote 2006; Luce et al. 2014).
Consequently, interior snowpacks have likely responded primarily to reduced pre-
cipitation (Luce et al. 2013). In contrast, the low-elevation mountains of northern
Idaho, the westernmost mountains in the region, are heavily influenced by a mari-
time snow climate (Armstrong and Armstrong 1987; Mock and Birkeland 2000),
and are still sensitive to temperature variability, particularly with respect to snow
durability (Luce et al. 2014) (Fig. 3.1).

Glaciers are well-known features in the Northern Rockies, with a large number
located in and near Glacier National Park and in the Wind River, Absaroka, and
Beartooth ranges in and near Yellowstone National Park. Significant changes have
been noted in the glaciers of Glacier National Park over the course of the twentieth
century (Fagre 2007), with the Grinnell Glacier having approximately 10% of the
ice that it had in 1850 (Fig. 3.2). Declines have also been seen in glaciers of the
Wind River Range over the twentieth century (Marston et al. 1991).

Fractional Loss
® 0%to 10%
® 10%to 20%
© 20%to 30%
O 30%to 40%
O 40%to 50 %
O 50%to 60%
o
5]
)
°
]

60 % to 70 %
70 % to 80 %

80 % to 90 %
90 % to 100 % _r_t\_

100%

Fig. 3.1 Estimated loss of (a) April 1 snow water equivalent and (b) mean snow residence time as
related to warming of 3 °C (From Luce et al. 2014)

jhalo@uw.edu



3 Effects of Climate Change on Snowpack, Glaciers, and Water Resources. .. 29

T. 1. Hileman photo Carl Key photo D Fagre phol Lindsey Bengtson photo
1938 Courtesy of GNP Archives 1981 usGs 1998 usGs 2009 usGs

Fig. 3.2 Oblique view of Grinnell Glacier taken from the summit of Mount Gould, Glacier
National Park (After Fagre 2005)

Estimating future changes in glaciers is complex (Hall and Fagre 2003), but
empirical analyses suggest a brief future for them, with many glaciers becoming
fragmented or disappearing by the 2030s. Increasing temperatures yield a rising
equilibrium line altitude (ELA), decreasing the effective contributing area for each
glacier as warming progresses. A 3 °C warming can translate into 300-500 m of
elevation rise in snow-rain partitioning. Unfortunately, for simplicity’s sake, those
changes do not directly equate to shift in ELA, which depends on the geometry and
topography of the contributing cirque.

Temperate alpine glaciers are also sensitive to precipitation variations (McCabe
and Fountain 1995). Westerlies and their contribution to winter precipitation have
changed over the Glacier National Park region since the 1940s, and April 1 snow
water equivalent at these elevations and latitudes is relatively insensitive to tempera-
ture. However, it is important to note that this area receives significant spring and
summer precipitation, and changing summer temperatures affect both the melt rate
and additional summertime mass contributions (new snow) in these glaciers. Thus,
summer temperature is a strong predictor of their behavior, and regardless of
changes in precipitation, significant reduction in area of glaciers is expected by the
end of the twenty-first century (Hall and Fagre 2003).

3.4 Effects of Climate Change on Streamflow

Several commonly-used metrics are available to determine potential effects of cli-
mate change on streamflow. Annual yield, summer low flows, and center of runoff
timing are all important metrics with respect to water supply. Irrigation water for
crops and urban landscapes is typically needed in summer months, and these met-
rics are most relevant to surface water supplies (as opposed to groundwater sup-
plies). For summer low flows, metrics include the mean summer yield (June through
September), and the minimum weekly flow with a 10-year recurrence probability
(7Q10). Center of runoff timing refers to the timing of water supply, and shifts in
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runoff earlier in the winter or spring disconnect streamflow timing from water sup-
ply needs.

Peakflows are important to fishes and infrastructure. Scouring flows can damage
eggs in fish redds if they occur while the eggs are in the gravel or during alevin
emergence (Montgomery et al. 1996; DeVries 1997; Goode et al. 2013). Winter
peakflows can affect fall spawning fish (salmon Chinook [Oncorhynchus tshaw-
wytschal, bull trout [Salvelinus confluentus], brook trout [S. fontinalis]), whereas
spring peakflows affect spring spawning cutthroat trout (O. clarkii), steelhead
(O. mykiss irideus), and resident rainbow trout (O. mykiss) (Wenger et al. 2011a, b).
Spring peakflows associated with the annual snowmelt pulse are typically muted in
magnitude in comparison to winter rain-on-snow events, because the rain-on-snow
events tend to affect much larger fractions of a basin at a time. Thus, a shift to more
mid-winter flood events can yield greater peakflow magnitudes, which can threaten
infrastructure such as roads, recreation sites, or water management facilities (e.g.,
diversions and dams).

Changes in streamflow metrics in recent decades have been documented in some
of the western and southern basins of the Northern Rockies region. Earlier runoff
timing was noted by Cayan et al. (2001) and Stewart et al. (2005), and declining
annual streamflows were noted by Luce and Holden (2009) and Clark (2010).
Declining low flows (7Q10), associated primarily with declining precipitation, have
also been seen in the western half of the Northern Rockies (Kormos et al. 2016).

3.4.1 Future Streamflow Projections

Future streamflow projections for the Northern Rockies region were produced using
the VIC model (Liang et al. 1994) (database for the western U.S. available online:
https://cig.uw.edu/datasets/wus/). Climate projections were based on Coupled
Model Intercomparison Project Phase 3 (CMIP3) GCM runs, the full details of
which are discussed in Littell et al. (2011). The gridded data were used to estimate
streamflow by using area-weighted averages of runoff from each VIC grid cell
within a given basin, following the methods of Wenger et al. (2010), to accumulate
flow and validate. Streamflow metrics were calculated for stream segments in the
NHD + V2 stream segments (http://www.fs.fed.us/rm/boise/ AWAE/projects/mod-
eled_stream_flow_metrics.shtml). Although calculations were made for all 6th-
digit Hydrologic Units in the Northern Rockies, only the western half of the region
is shown in Figs. 3.3, 3.4, and 3.5, because trimming the domain allowed for better
display of information. Fortunately, patterns in the easternmost portions of the fig-
ures are similar to those in the eastern portion of the Northern Rockies.

Projections indicate that mean annual streamflow may increase in the western
and southern portions of the Northern Rockies, with smaller changes in eastern
Montana (Fig. 3.3). There was substantial uncertainty (i.e., substantial differences
among GCM projections) for annual water yield projections in higher mountains of
northern Idaho and northwestern Montana. Overall, changes in the ensemble mean
for annual water yield are comparable to ensemble mean changes in precipitation.
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Fig. 3.3 Projections for fractional change in mean annual flow (ensemble mean) for the 2080s
compared to 1977-2006

Fig. 3.4 Projections for fractional change in mean summer flow (June—September) for the 2080s
(ensemble mean) compared to 1977-2006
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Fig. 3.5 Projections for number of days in winter that exceed the 95th percentile flow in each year
(ensemble mean), an indicator of when floods are likely to happen, for the 2080s compared to
1977-2006. The value of this metric can take on values between 0 and 18.25

Although projections indicate that annual flow may increase, summer low flows
are expected to decrease (Fig. 3.4). Uncertainty (i.e., differences among GCM pro-
jections) is low compared to the magnitude of projected changes, particularly in
mountain areas. In general, areas showing more pronounced change in low flows
show a larger shift in timing of flows (on the order of 2 months; data not shown),
with greater changes in mountains with higher precipitation. The primary mecha-
nism expected to drive lower low flows is reduced snowpack in winter, leading to
less stored water.

Summer wet portions of the region are more likely to see low flows affected by
summer precipitation patterns. Shifts in circulation that affect how moisture flows
from the Gulf of Mexico during summer months are expected to negatively affect
precipitation amounts and increase the time between precipitation events (IPCC
2013; Luce et al. 2016). Summer wet areas are also more likely to see greater losses
in streamflow with increased evaporation, but it is important to recognize energy
balance constraints when estimating the degree of loss (Roderick et al. 2014). This
is not done in the VIC modeling, which uses only temperature outputs from GCMs
without reevaluating the change in energy balance from a different hydrological
formulation, leading to overestimation of loss (Milly and Dunne 2011).

Projections for changes in flood magnitude across the Northern Rockies region
are substantially more uncertain and spatially heterogeneous at fine scales than
those for low flows (Fig. 3.5). The shift to more midwinter rain and more rain-on-
snow flooding depends strongly on the elevation range of each basin. Generally,
projections indicate strong declines in flood magnitude in higher elevation basins
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near the crest of major mountain ranges, strong increases at middle elevations, and
little change below that. However, differences among GCM projections for peak-
flow magnitudes are generally as large as or larger than the expected magnitude of
the change.

3.5 Adapting Water Resources and Management to Climate
Change

Exploring the potential hydrological shifts in the Northern Rockies region under
changing climate leads to questions about what might be done to reduce impacts on
water resources. Despite the diversity in topography, geology, watershed configura-
tions, and ecosystems across the region, the dominant climate change sensitivities
and adaptation responses identified by land managers were generally consistent
across the region. Most adaptation strategies and tactics were directed toward affect-
ing downstream water availability and consequences of hydrologic drought, as little
can be done to alleviate some of the more direct consequences of shifting precipita-
tion, snowpack timing, and temperature changes to forests during drought condi-
tions (e.g., Vose et al. 2016).

Managers were concerned about the vulnerability of roads and infrastructure to
flooding, which is expected to increase at mid elevations in the Northern Rockies
region. National forests have thousands of kilometers of roads, mostly unpaved.
Many roads were built decades ago, and were not built to today’s standards. Damage
to national forest roads and associated drainage systems reduces access by users and
is extremely expensive to repair. Road damage often has direct and deleterious
effects on aquatic habitats as well, particularly when roads are adjacent to streams
(Trombulak and Frissell 2000). Resilience to higher peakflows and frequency of
flooding can be increased by (1) maintaining the capacity of floodplains and ripar-
ian areas to retain water, (2) conducting a risk assessment of vulnerable roads and
infrastructure, and (3) modifying infrastructure where possible (e.g., increasing cul-
vert size, improving road drainage, and relocating vulnerable campgrounds and
road segments) (Strauch et al. 2015).

Climate-induced occurrence of disturbances such as drought, wildfire, and flood-
ing are expected to increase, thus increasing sediment yield and affecting aquatic
habitat and water resource infrastructure (Goode et al. 2012). Building an informa-
tion base on potential locations of and responses to disturbances will help ensure
informed and timely post-disturbance decision making (Luce et al. 2012).
Specifically, managers can (1) prioritize data collection based on projections of
future drought, (2) collect pre-disturbance data on water resources, and (3) develop
a clearinghouse for programs related to fire and other disturbances.

Reduced overall base flows (especially in summer) are expected to alter riparian
habitat, and reduce water storage in shallow aquifers in dry regions of the western
United States (Perry et al. 2012). The primary adaptation strategies developed by

jhalo@uw.edu



34 C.H. Luce

managers in response to these expected effects were to increase natural water stor-
age and build storage where appropriate. Specific tactics focus on (1) increasing
storage with constructed wetlands, American beavers (Castor canadensis), and
obliterated roads, and (2) considering small-scale storage in dams, retention ponds,
and swales, where appropriate. In addition, 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.

Public lands are a critical source of municipal water supplies, for which both
quantity and quality are expected to decrease as snowpack declines. A key adapta-
tion strategy is to reduce erosion potential to protect water quality, as well as priori-
tize municipal water supplies. Water quality can be addressed by (1) reducing
hazardous fuels in dry forests to reduce the risk of crown fires, (2) reducing other
types of disturbances (e.g., off-road vehicles, unregulated livestock grazing), and
(3) using road management practices that reduce erosion. These tactics should be
implemented primarily in high-value locations (near communities and reservoirs)
on public and private lands.

Another strategy for addressing municipal water availability is to reduce water
use by increasing water efficiency in federal facilities, thus strengthening the con-
nection between the source of water on public lands and use of water downstream
on public and private lands. First, it will be helpful to identify effective water-saving
tactics and where they can be successfully implemented. Second, low water-use
appliances can be installed at administrative sites (e.g., restrooms), and drought
tolerant plants can be used for landscaping (e.g., adjacent to management unit build-
ings). Third, the benefit of water conservation can be communicated to users of
public lands (e.g., in campgrounds). These tactics would demonstrate leadership in
water conservation by the U.S. Forest Service and other agencies, and provide out-
reach and public relations that extend to local communities.

Acknowledgments Many thanks to Patrick Kormos and Abigail Lute for generating figures in
this chapter.
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Chapter 4
Effects of Climate Change on Cold-Water Fish
in the Northern Rockies

Michael K. Young, Daniel J. Isaak, Scott Spaulding, Cameron A. Thomas,
Scott A. Barndt, Matthew C. Groce, Dona Horan, and David E. Nagel

Abstract Decreased snowpack with climate warming will shift the timing of peak
streamflows, decrease summer low flows, and in combination with higher air tem-
perature, 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 non-native fish species. Increased
wildfire will add sediment to streams, increase peak flows and channel scouring,
and raise stream temperature by removing vegetation.

Primary strategies to address climate change threats to cold-water fish species
include maintaining or restoring functionality of channels and floodplains to retain
(cool) water and buffer against future changes, decreasing fragmentation of stream
networks so aquatic organisms can access 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 hydrol-
ogy, protecting groundwater and springs, restoring riparian areas and American bea-
ver 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
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to store sediment and maintain channel geomorphology. Removing non-native fish
species and reducing their access to cold-water habitat reduces competition with
native fish species.

Keywords Bull trout ¢ Cutthroat trout * Occupancy modeling ¢ Refugia ¢ Water
temperature

4.1 Introduction

Climate change is expected to alter aquatic ecosystems throughout the Northern
Rocky Mountains. Prominent direct changes will include warmer stream tempera-
tures, lower snowpack, earlier peak flows, reduced and more protracted summer
baseflows, greater flow intermittence (Chap. 3), and downhill shifts in perennial
channel initiation. In addition, indirect changes may be caused by the altered fre-
quency and magnitude of natural disturbances. Because the fish, amphibians, cray-
fish, mussels, and aquatic macroinvertebrates inhabiting freshwater environments are
ectotherms, water temperature dictates their metabolic rates and most aspects of their
life history, including growth, migration, reproduction, and mortality. The changes in
water temperature and other hydrologic characteristics associated with climate
change are expected to have profound effects on their abundance and distribution.

The effects of climate change on aquatic species have been reviewed for the
Pacific Northwest (Mote et al. 2003; ISAB 2007; Mantua et al. 2010; Rieman and
Isaak 2010; Isaak et al. 2012a, b; Mantua and Raymond 2014) and elsewhere in the
western United States (Poff et al. 2002; Ficke et al. 2007; Schindler et al. 2008
Furniss et al. 2010, 2013; Luce et al. 2012). However, empirically based, spatially
explicit, and accurate projections of climate change effects on aquatic organisms are
needed for scientific assessments and applications across broad geographic regions.

We developed high-resolution scenarios for stream temperature and streamflow,
translating outputs from global climate models (GCMs) to habitat factors for stream
reaches (Isaak et al. 2015). Scenarios were coupled with species distribution data
crowd-sourced from the peer-reviewed literature and agency reports to develop spe-
cies distribution models for current relationships between climate and fish species.
The models were used to project probability of species habitat occupancy in streams
throughout the Northern Rockies region.

We focused on climate vulnerabilities, current distribution, and projected distri-
bution of two native salmonid species, bull trout (Salvelinus confluentus) and cut-
throat trout (Oncorhynchus clarkii), which have ecological and cultural value to
society and are sensitive to warm stream temperature (Eby et al. 2014). Inferences
emphasized suitable habitat for juveniles of each species, because they are more
thermally constrained than adults. We also evaluated the effects of nonnative spe-
cies—brook trout (S. fontinalis), brown trout (Salmo trutta), and rainbow trout
(Oncorhynchus mykiss) (the latter native to a portion of the analysis area)—on cur-
rent and future habitats for native species. Isaak et al. (2015) and the Climate Shield
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website (http://www.fs.fed.us/rm/boise/ AWAE/projects/ClimateShield.html) con-
tain additional details on the context, framework, and databases used in this
assessment.

4.2 Analytical Approach

4.2.1 AssessmentArea

The assessment includes streams in national forests and national parks encompassed
by the U.S. Forest Service (USFS) Northern Region (see Chap. 1). Geospatial data
for the 1:100,000-scale National Hydrography Dataset (NHD)-Plus were down-
loaded from the Horizons Systems website (http://www.horizon-systems.com/
NHDPIlus/index.php, Cooter et al. 2010) to delineate a stream network, then filtered
by minimum flow and maximum stream slope criteria. Summer flow values pro-
jected by the Variable Infiltration Capacity hydrologic model (VIC; Wenger et al.
2010) were obtained from the Western United States Flow Metrics website (http://
www.fs.fed.us/rm/boise/ AWAE/projects/modeled_stream_flow_metrics.shtml) and
linked to individual stream reaches.

Stream reaches with summer flows <0.0057 m3s~!, approximating a wetted width
of 1 m (Peterson et al. 2013b), or with slopes >15%, were removed because they are
unoccupied or support low numbers of fish (Isaak et al. 2015). Steep slopes occur at
the top of drainage networks where fish populations are more vulnerable to distur-
bances (e.g., debris flows after wildfire) that can cause extirpations (Bozek and
Young 1994; Miller et al. 2003). Thus, the 183,036-km stream network used as
baseline habitat probably overestimates potential habitat, but the current resolution
of analytical tools and data prevent further refinement.

1

4.2.2 Climate Change Scenarios

The following average summer streamflows were available from the flow metrics
website: baseline period (1970-1999, hereafter 1980s) and two future periods
(2030-2059, hereafter 2040s; 2070-2099, hereafter 2080s) associated with the A1B
(moderate) emission scenario. An ensemble of 10 GCMs that best represented his-
torical trends in air temperatures and precipitation for the northwestern United
States during the twentieth century was used for future projections (Table 4.1). The
A1B scenario used here is similar to the RCP 6.0 scenario from Coupled Model
Intercomparison Project 5 simulations (see Chap. 2).

Geospatial data for August mean stream temperature were downloaded for the
same A 1B trajectory and climate periods from the NorWeST website and linked to the
stream hydrology layer (www.fs.fed.us/rm/boise/AWAE/projects/NorWeST.html).
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Table 4.1 Projected changes in mean August air temperature, stream temperature, and streamflow
for major river basins in the Northern Rockies

2040s (2030-2059) 2080s (2070-2099)

Air Stream | Stream

temperature | flow temperature | Air Stream
NorWeST change change |change temperature | Stream flow | temperature
unit ? cCy (%)° (°C)¢ change (°C) | change (%) | change (°C)
Yellowstone | 2.81 —4.1 1.01 5.08 -5.4 1.81
Clearwater | 3.17 -239 | 1.62 5.45 —34.2 2.78
Spokoot 3.05 -20.1 | 1.27 5.33 =315 2.19
Upper 3.25 —-149 | 1.17 5.47 -21.3 1.94
Missouri
Marias- 291 —-10.0 10.75 5.30 —18.7 1.37
Missouri

Projections are based on output from an ensemble of 10 global climate models for the A1B emis-
sion scenario. See text for more details on modeling and data sources (Isaak et al. 2010; Mote and
Salathé 2010; Wenger et al. 2010; Hamlet et al. 2013; Luce et al. 2014)

4Unit boundaries described at the NorWeST website

®Changes in air temperature and streamflow expressed relative to 1980s (1970-1999) baseline
climate period

‘Stream temperature change accounts for differential sensitivity to climate forcing within and
among river basins (Luce et al. 2014; NorWeST website)

Then, the NorWeST scenarios were developed using spatial statistical network mod-
els (Ver Hoef et al. 2006; Isaak et al. 2010) applied to 11,703 summers of monitoring
data at 5461 stream sites monitored with digital sensors from 1993 to 2011. Additional
rationale and criteria associated with climate scenarios and stream temperature mod-
eling are discussed in Isaak et al. (2015).

4.2.3 Fish Species

Bull trout in the Northern Rockies are largely from an inland lineage (Ardren et al.
2011), and may express migratory or resident life histories. Migratory fish travel long
distances as subadults to more productive habitats, achieving larger sizes and greater
fecundity as adults before returning to natal habitats to spawn. Resident fish remain
in natal habitats and mature at smaller sizes, although often at the same age as migra-
tory adults. Adults spawn and juveniles rear almost exclusively in streams with aver-
age summer water temperature <12 °C and flow >0.034 m?s~! (Rieman et al. 2007,
Isaak et al. 2010). This species has declined substantially compared to its historical
distribution because of water development and habitat degradation (leading to higher
water temperatures and lower habitat complexity), human-created migration barri-
ers, harvest by anglers, and interactions with nonnative fishes (Rieman et al. 1997).
Nonnative brook trout, brown trout, and lake trout (Salvelinus namaycush) compete
with or prey on bull trout (Martinez et al. 2009; Al-Chokhachy et al. 2016), or cause
wasted reproductive opportunities (Kanda et al. 2002). Bull trout are listed as threat-
ened under the U.S. Endangered Species Act (ESA) (USFWS 2015).
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Cutthroat trout were represented by two subspecies. Westslope cutthroat trout
(O. c. lewisi) have a complicated phylogenetic history, with a northern/eastern lin-
eage that occupied and colonized river basins influenced by glaciation, and a suite
of southern/western lineages in basins never influenced by glaciation (M. Young,
unpublished data). These fish also exhibit resident and migratory life histories, and
may spawn and rear in smaller (<70 cm wide) and warmer (up to 14 °C) streams
than do bull trout (Peterson et al. 2013a, b; Isaak et al. 2015). Yellowstone cutthroat
trout (O. c. bouvieri) has an unresolved distribution because of its complex geohy-
drologic history associated with the Bonneville Basin. Life histories and spawning
and juvenile habitats are presumed to be the same as for westslope cutthroat trout.

Distributions of both subspecies have declined >50% in response to the same
stressors affecting bull trout (Shepard et al. 2005; Gresswell 2011), although cut-
throat trout appears to occupy a larger proportion of its historical habitat than bull
trout. Both subspecies of cutthroat trout have been petitioned under the ESA, but
found not warranted for listing. Brook trout have replaced cutthroat trout in many
areas, especially in the upper Missouri River basin (Shepard et al. 1997), facilitated
by the distribution of low-gradient alluvial valleys (Benjamin et al. 2007; Wenger
et al. 2011a). Where rainbow trout have been introduced outside their native range,
introgressive hybridization occurs with cutthroat at lower elevations and in warmer
waters (Rasmussen et al. 2012; McKelvey et al. 2016b). Yellowstone cutthroat trout
have been widely stocked throughout the historical range of westslope cutthroat
trout (Gresswell and Varley 1988), resulting in hybridization (McKelvey et al.
2016b). Lake trout predation greatly reduced Yellowstone cutthroat populations in
Yellowstone Lake in the early twenty-first century, but cutthroat trout populations
have rebounded somewhat following predator control (Syslo et al. 2011).

4.2.4 Trout Distribution Models

Species distribution models were developed to predict occurrence probabilities of
juvenile bull trout and cutthroat trout; juvenile presence is indicative of natal habitat
and a locally reproducing population (Rieman and MclIntyre 1995; Dunham et al.
2002). Juvenile distributions are more restricted than those of adults, especially with
respect to temperature (Elliott 1994). Juvenile bull trout are rarely found where mean
summer temperatures exceed 12 °C (Dunham et al. 2003; Isaak et al. 2010), whereas
some adult bull trout occupy habitats as much as 5-10 °C warmer (Howell et al. 2010).
Similar patterns exist for cutthroat trout (Schrank et al. 2003; Peterson et al. 2013a),
so a thermal criterion was also used to define suitable habitat for juvenile cutthroat.

A mean August stream temperature of 11 °C was chosen as the temperature cri-
terion after cross-referencing thousands of species occurrence observations in
Montana, Idaho, and Wyoming against temperature estimates from the NorWeST
baseline scenario. Fish data were contributed by state and federal agencies (Isaak
et al. 2015). Most native juvenile trout (90% of bull trout observations, 75% of cut-
throat trout observations) occurred at sites less than 11 °C, whereas most nonnative
species were rare at those sites. The thermal niche of brook trout overlapped that of
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the native species, but peaked at a slightly warmer temperature. Very cold tempera-
tures reduced rainbow trout incursions and limited their introgression with cutthroat
trout, particularly below 9 °C (Rasmussen et al. 2012; Young et al. 2016).

Spatially contiguous 1-km reaches of streams with temperature <11 °C were
aggregated into discrete cold-water habitats (CWHs), and the fish survey data were
used to assign occupancy (present, absent) by native trout juveniles and brook trout.
Logistic regressions modeled the probability of native trout occupancy as a function
of CWH size, stream slope, brook trout prevalence, and stream temperature. For
each CWH, habitat size was represented as channel length, stream slope as the aver-
age value across all reaches, and brook trout prevalence as percentage of sample
sites where they occurred.

Classification accuracy of the models at a 50% occupancy threshold was 78.1%
for bull trout and 84.6% for cutthroat trout. The final logistic regression models
included the four main predictor variables and some interactions among the vari-
ables. Habitat occupancy for both native trout was positively related to CWH size,
but bull trout required habitats five times larger than cutthroat trout to achieve com-
parable probabilities of occupancy. Bull trout occupancy declined as minimum tem-
perature warmed, whereas cutthroat trout occupancy was positively related to mean
temperature. Stream slope and co-occurrence with brook trout negatively affected
both species, especially in small streams. The presence of brook trout masked the
apparent preference of cutthroat trout for habitats with low slopes.

The logistic regression models were applied to the full set of CWHs within the
historical range of each native species in the Northern Rockies. Occupancy proba-
bilities were calculated for a no-brook-trout scenario and a scenario in which brook
trout were present at 50% of sites within each CWH. We did not include a scenario
in which brook trout were present at all sites, because their prevalence rarely
exceeded 50% in the large CWHs, and because not all locations were suitable for
brook trout (Wenger et al. 2011a).

Species probability maps were cross-referenced with land administrative status
using geospatial data from the U.S. Geological Survey Gap Analysis Program
(Gergely and McKerrow 2013). The total length and percentage of CWHs and
stream temperatures were summarized by jurisdiction for different climate periods.
CWHs with occupancy probabilities exceeding 90% were considered potential cli-
mate refugia for native trout.

4.3 Vulnerability of Native Trout to Climate Change

4.3.1 Stream Temperature

A high level of thermal heterogeneity exists across the complex topography and
elevation range of Northern Rockies streams (Fig. 4.1). Of the 183,036 km of stream
habitat within the analysis area, 38% had a mean August temperature <11 °C. Most
of those CWHs (86%) were in publicly administered lands, primarily (69%) in
national forests. Areas with concentrations of cold streams were generally
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Fig. 4.1 NorWeST August mean stream temperature maps interpolated from 11,703 summers of
monitoring data at 5461 unique stream sites across 183,500 km of streams in the Northern Rockies.
Map panels show conditions during baseline (a, 1980s), moderate (b, 2040s), and extreme change
scenarios (c, 2080s). See text for details on analytical methods and data sources

jhalo@uw.edu



44 M.K. Young et al.

Table 4.2 Lengths of streams (km) in the Northern Rockies categorized by mean August stream
temperature during the baseline and two future climate periods, and by land administrative status

Land

status <8 °C 8-11°C |11-14°C |14-17°C |17-20°C |>20°C Totals

Forest Service lands

1980s* 11,416 36,717 15,034 1957 393 (0.6) | 27 (0) 65,544
(17.4) (56.0) (22.9) 3.0)

2040s® 4030 28,739 25,607 4976 716 (1.1) | 194 (0.3) | 64,262
(6.3) (44.7) (39.8) (7.7)

2080s® 1547 20,441 30,660 8891 1345 381 (0.6) |63,265
2.4) (32.3) (48.5) (14.1) 2.1

Non-Forest Service lands

1980s 2501 19,290 41,272 34,215 17,644 2571 117,493
2.1 (16.4) (35.1) (29.1) (15.0) 2.2)

2040s 915 9593 33,764 39,303 24,838 6148 114,561
(0.8) (8.4) (29.5) (34.3) 21.7) (5.4)

2080s 407 5549 26,395 40,440 29,628 10,941 113,360
0.4) 4.9) (23.3) (35.7) (26.1) 9.7

Values in parentheses are percentages of the total in the last column
Stream reaches with slope <15% and VIC summer flows >0.0057 m’s™!
"Reduced network extent results from projected decreases in summer flows per Table 4.1

associated with high-elevation, steep mountain ranges in Montana, whereas such
concentrations were absent from most of northern Idaho.

Mean August stream temperature was projected to increase across the Northern
Rockies by an average of 1.2 °C in the 2040s and 2.0 °C in the 2080s (Table 4.1,
Fig. 4.1). Increases will be disproportionately higher in the warmest streams at low
elevations, and lower for the coldest streams. Differential warming occurs because
cold streams are often buffered by influxes of groundwater (Luce et al. 2014).
Averaged across all streams, future projections imply faster rates of warming (0.2—
0.3 °C per decade) than were observed recently (0.1-0.2 °C per decade; Isaak et al.
2012a).

Based on these projections, the length of streams with temperatures <14 °C will
decrease to 43,277 km in the 2040s and 27,944 km in the 2080s (Table 4.2). In both
scenarios, >75% of the cold streams are in national forests. Very cold streams likely
to provide habitat for bull trout and cutthroat trout originate along the Continental
Divide in northern Montana, several smaller mountain ranges scattered throughout
central Montana, and along the northern flank of the Beartooth Plateau (Fig. 4.1).
Persistent CWHs are more isolated elsewhere.
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Table 4.3 Number and length of cold-water habitats for juvenile cutthroat trout by probability of
occurrence during three climate periods and two brook trout invasion scenarios across the Northern
Rockies

Metric and brook trout Probability of occurrence (%)
prevalence Period | <25 |25-50 |50-75 |75-90 |>90 Total
Cold-water habitat number
0% brook trout 1980s |71 392 1314 1817 1739 5333
prevalence
2040s |41 328 1405 1505 1148 4427
2080s |86 | 659 949 977 770 3441
50% brook trout 1980s |73 501 2790 1384 581 5329
prevalence
2040s |41 |382 2571 1065 367 4426
2080s |86 | 684 1837 673 161 3441
Cold-water habitat length (km)
0% brook trout 1980s 432 | 1278 | 4068 7730 32,646 | 46,154
prevalence
2040s | 126 | 898 3832 6034 17,964 | 28,856
2080s 229 1659 2938 4151 10,459 | 19,436
50% brook trout 1980s | 387 2344 110,320 | 13,201 |19,348 45,602
prevalence
2040s | 126 | 1376 8174 8772 10,306 | 28,756
2080s 228 | 1992 6327 6289 4598 19,436

4.3.2 Cutthroat Trout

The historical range of cutthroat trout includes most of the Northern Rockies. The
number of discrete CWHs for cutthroat trout in the baseline climate period was
estimated to exceed 5000, encompassing over 45,000 km of streams (Table 4.3,
Fig. 4.2). Over 90% of CWHs had occupancy probabilities exceeding 50%, because
cutthroat require relatively small stream networks (10 km is associated with an
occupancy probability of 90%; also see Peterson et al. 2013a). The largest CWHs
contained a disproportionate amount of habitat most likely to be occupied; 32.6%
were climate refugia, which accounted for 70.7% of the length of CWHs.

In future scenarios, the number and extent of CWHSs decreased 20-60%, but even
under the extreme scenario nearly 3500 potential CWHs (>19,000 km) were pro-
jected to remain. And in a few basins currently too cold for cutthroat trout (e.g.,
Teton River basin along the Rocky Mountain Front, streams in northern Yellowstone
National Park), future warming is expected to increase their suitability. Although
the presence of brook trout did not alter the number of CWHs, it did decrease the
probability of cutthroat trout occupancy (Table 4.3). Sensitivity of streams to brook
trout varied with local conditions, with the greatest reductions in small streams with
relatively shallow slopes.
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Fig. 4.2 Distribution of cold-water habitats with occupancy probabilities >0.1 for juvenile cut-
throat trout during baseline (a & d, 1980s), moderate-change (b & e, 2040s), and extreme-change
scenarios (¢ & f, 2080s). Panels a—c illustrate occupancy when brook trout are absent; panels d—f
illustrate occupancy when brook trout prevalence is 50%. See text for details on analytical methods
and data sources

4.3.3 Bull Trout

The number of discrete CWHs for bull trout during the baseline climate period
exceeded 1800, encompassing >23,000 km (Table 4.4, Fig. 4.3). Occupancy prob-
abilities for most bull trout CWHs were <50% because of the large stream networks
required by this species (50 km is associated with occupancy probability of 90%).
Only 6% of CWHs were considered climate refugia, but they were 30% of the total
length of CWH. This requirement for large CWHs caused projected decreases in the
number and extent of bull trout CWHs to be much higher (38-71%) than for cut-
throat trout, particularly for CWHs with the highest occupancy probabilities. More
than 800 CWHs representing over 7000 km were projected to remain, even in the
extreme scenario.

Brook trout invasions reduced bull trout occupancy rates. These declines were
more pronounced for bull trout than cutthroat trout, especially in CWHs most likely
to be occupied (those with >50% occupancy probability). Fewer than 10 climate
refugia for bull trout are projected to remain under any warming scenario if brook
trout occupy half of each CWH. However, many large CWHs for bull trout appear
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Table 4.4 Number and length of cold-water habitats for juvenile bull trout by probability of
occurrence during three climate periods and two brook trout invasion scenarios across the Northern
Rockies

Metric and brook trout Probability of occurrence (%)
prevalence Period |<25 |25-50 |50-75 |75-90 |>90 | Total
Cold-water habitat number

0% brook trout prevalence 1980s | 875 534 248 92 106 1855
2040s 664 314 98 41 32 1149

2080s 474 274 81 24 13 866
50% brook trout prevalence | 1980s | 995 484 181 65 28 1753

2040s | 697 270 63 17 5 1052

2080s | 535 260 49 5 3 852

Cold-water habitat length (km)
0% brook trout prevalence 1980s | 4677 | 5099 4128 2601 | 7495 24,002
2040s 3583 |3112 1817 | 1237 2157 |11,906
2080s 2109 | 2130 1243 | 622 932 7035
50% brook trout prevalence | 1980s | 6309 | 6055 4365 3043 |3783 23,554
2040s | 4390 | 3553 1916 | 948 656 11,462
2080s | 2525 2647 1133 | 246 428 16980

less susceptible to brook trout invasions (Isaak et al. 2015). CWHs with the highest
bull trout occupancy probabilities during all climate periods and brook trout inva-
sion scenarios were associated with river networks with a high number of cold
streams (e.g., Whitefish River, North Fork Blackfoot River, and headwater portions
of the North and Middle Forks of the Flathead River) (Figs. 4.1 and 4.3). Because
of the lower elevations and warmer streams in northern Idaho, few or no climate
refugia were projected to remain under either warming scenario.

4.3.4 Additional Fish Species

Native fish species other than bull trout and cutthroat trout occupy streams through-
out the Northern Rockies, but were not considered priorities for this assessment
because they are not expected to be as sensitive to warming temperatures as cold-
water salmonids. Prairie fish in the Grassland subregion are a geographically dis-
crete group of species that are tolerant of warm water but may be sensitive to other
climate-related stressors (e.g., low water levels) (Box 4.1). Additional fish species
in the Northern Rockies can be considered as candidates for the habitat occupancy-
climate vulnerability approach described here.
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Fig. 4.3 Distribution of cold-water habitats with occupancy probabilities >0.1 for juvenile bull
trout during baseline (a & d, 1980s), moderate-change (b & e, 2040s), and extreme-change sce-
narios (¢ & f, 2080s). Panels a—c illustrate occupancy when brook trout are absent; panels d—f
illustrate occupancy when brook trout prevalence is 50%. See text for details on analytical methods
and data sources
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Box 4.1 Climate Change Effects on Fish Species in the Grassland
Subregion

Several fish species are found in the Grassland subregion of the Northern
Rockies. Located in the eastern portions of Custer-Gallatin National Forest
and Dakota Prairie Grasslands, these species have received little scientific
study and monitoring compared to cold-water salmonids and warm-water
sportfish. Most prairie streams have been poorly sampled, making fish popu-
lations and aquatic habitat difficult to evaluate. Small streams constitute the
majority of fish habitat, providing seasonal habitats for spawning and rearing
of species favoring larger streams, rivers, and lakes.

Prairie streams are dynamic, varying between periods of floods and inter-
mittent flows within and between years. Extirpation and recolonization of
local habitats by fish species is the norm, with fish species distributed as meta-
populations. Although it is typical for prairie streams to be reduced to sets of
disconnected pools in some years, this pattern is more prevalent in agricul-
tural landscapes where surface and groundwater withdrawals are common.
Climate change is expected to cause greater extremes, including both severe
droughts and wet intervals in dryland systems.

Projecting responses of prairie fishes to climate change is complicated by
difficulty in identifying habitat preferences, because many species are habitat
generalists, and interannual habitat occupancy is difficult to quantify. Prairie
fish assemblages include four species guilds—northern headwaters, darter,
madtom, and turbid river guilds—that are likely to differ in their vulnerability
to climate change. Annual air temperature and various measures of stream-
flow are strong predictors of presence for the northern headwaters, darter, and
madtom guilds.

The northern headwaters guild may be most vulnerable to increasing tem-
perature, as well as to climate-related decreases in groundwater recharge. This
guild includes the northern redbelly dace (Chrosomus eos), a sensitive species
in the USFS Northern Region, which occupies small, relatively cool headwa-
ter streams. Accurate mapping of habitat types, species assemblages, and
monitoring of habitat conditions will help refine potential climate change
effects on habitat and species, as well as suggest appropriate management
responses.

Buffering variations in flow extremes (e.g., securing instream flows or
facilitating American beaver colonization where suitable habitat exists) and
encouraging the presence of riparian vegetation are sound climate change
adaptation options where the northern headwaters guild is present. Although

(continued)
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Box 4.1 (continued)

other prairie fish guilds seem less vulnerable to changes to temperature, all are
influenced by amount and timing of flow, so adaptation strategies for the
northern headwater guild should also be appropriate for other guilds. All
guilds are currently at risk, and may become more so if flow regimes become
more variable. If migration barriers are present, it would be prudent to remove
them to facilitate fish movement, while being cognizant of the potential for
nonnative fish to become established. Responses of nonnative fish to climate
change are uncertain, although some species (e.g., smallmouth bass
[Micropterus dolomieu]), are expected to expand their distribution.

4.4 Applying the Assessment

The assessment described above provides spatially explicit projections of habitat
occupancy in the Northern Rockies by combining ecological understanding of cut-
throat trout and bull trout, species distribution data, and high-resolution projections
of stream temperature and streamflow. Projections of habitat occupancy in response
to anticipated climate change have several implications for future viability of native
fish populations in the Northern Rockies and for conservation of these species.

Both native trout species require cold-water habitat, but their response to warmer
stream temperatures will differ. Bull trout are adapted to some of the coldest fresh-
water environments in the Northern Hemisphere (Klemetsen et al. 2003), inhabiting
variable environments with strong productivity gradients that favor migration as a
life history tactic (Klemetsen 2010). Because bull trout in this region require cold
water, are near the southern end of their range, and have inherently low populations
in most locations (High et al. 2008), their susceptibility to range contraction in a
warmer climate is unsurprising. We anticipate large reductions in their distribution
in the Northern Rockies because climate refugia are relatively uncommon and dis-
persed, but at least some climate refugia will be retained in the future, making it
more likely that bull trout will persist. The conditions favoring migratory or resident
life histories may change, perhaps in uncertain ways, and it remains to be seen how
to accommodate or exploit this transition in conservation practices. Research and
monitoring can provide a better understanding of environmental drivers of bull trout
life history.

Cutthroat trout can accommodate a broader range of thermal environments, com-
mensurate with their evolutionary history and extensive latitudinal distribution.
Their life history strategies are flexible, ranging from migratory populations that use
large water bodies for growth and fecundity, to resident populations with low mobil-
ity that have been isolated for decades (Northcote 1992; Peterson et al. 2013a). The
distribution of cutthroat trout is expected to decrease in the Northern Rockies, but
not as much as that of bull trout. In addition, some basins currently too cold to sup-
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port cutthroat trout may become suitable as the climate warms (Cooney et al. 2005;
Coleman and Fausch 2007).

The degree to which nonnative salmonids displace bull trout and cutthroat trout
in a warmer climate will have a major impact on long-term population viability and
conservation strategies (Wenger et al. 2011a). Tolerance of cold temperature by
brook trout is nearly equivalent to that of cutthroat trout, and they are especially
competitive in the low-gradient environments preferred by bull trout and cutthroat
trout (Wenger et al. 2011a). Large habitats (>100 km long) are less susceptible to
incursions by brook trout, at least partially because they face competition from rain-
bow trout or brown trout (Fausch et al. 2009), species expected to shift upstream in
a warmer climate (Wenger et al. 201 1b; Isaak and Rieman 2013).

The USFES will play a major role in the conservation of native fish populations
because most cold-water habitats in the Northern Rockies are in national forests
(Table 4.2). Active management that conserves native fish is an option, because
most of the cold-water habitats are outside designated wilderness areas and national
parks that restrict management activities. Even under extreme warming, cold-water
habitats are expected to persist in some river basins in Montana. Maintenance of
these conditions is critical. In locations where climate refugia are unlikely to persist
(Clearwater, Spokane, and Kootenai River basins in Idaho), active management—
manipulation of habitat, fish populations, or both—may be the only way to ensure
long-term persistence of native fish populations. Retaining native trout populations
in some areas may require costly conservation investments, so it will be important
to prioritize projects where success is likely and where benefits can be gained for
other resources (e.g., riparian restoration or improved water quality).

The model projections described above are consistent with trends that have been
occurring in the Northern Rockies during the last 50 years: increased air tempera-
ture, increased stream temperature, and decreased summer streamflow (Luce and
Holden 2009; Isaak et al. 2010, 2012a,b; Leppi et al. 2012). This provides validation
that modeled estimates of occupancy probabilities are biologically robust, facilitat-
ing a spatially explicit ranking of critical habitats. The Climate Shield fish distribu-
tion maps and databases developed in this assessment are easy to understand and
access, allowing users to quantify the likely amount, distribution, and persistence of
native trout habitats at multiple spatial scales (e.g., stream, river network, national
forest, or region).

In general, model output suggests that environmental gradients are the primary
drivers of habitat occupancy by juvenile native trout. Model projections can be
improved in the future by including more local information on habitat conditions
(Peterson et al. 2013a), especially the presence of barriers that influence habitat
connectivity (Erds et al. 2012), and by applying spatial network models (Isaak et al.
2014). An ongoing assessment process can reduce uncertainties about distribution
of aquatic species and climate change responses. Currently available data were
derived from thousands of sites, but additional data would improve existing models
and help develop models for additional species. Ongoing assessment and updated
modeling can be combined with new surveys, such as those based on rapid and reli-
able environmental DNA surveys (McKelvey et al. 2016a), to provide a more accu-
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rate picture of species distribution at fine spatial scales. Such surveys will also
expand our capability of assessing multiple species simultaneously.

4.5 Adapting Fish Species and Fisheries Management
to Climate Change

4.5.1 Adaptation Options

Climate change adaptation for fish conservation has been reviewed extensively for
western North America, including for the Northern Rockies (ISAB 2007; Rieman
and Isaak 2010; Isaak et al. 2012a; Beechie et al. 2013; Luce et al. 2013; Williams
et al. 2015), based on a relatively well-established set of climate sensitivities and
adaptation options (Rieman et al. 2007; Mantua and Raymond 2014; Isaak et al.
2015). This provides credibility and consistency for sustainable management of
fisheries in a warmer climate. This information, combined with the Northern
Rockies fisheries assessment, provide the foundation for federal resource specialists
to develop strategic (general, overarching) and tactical (specific, on the ground)
management responses that improve the resilience of fish populations in a warmer
climate.

Climate change sensitivities and adaptation options are similar among the moun-
tainous subregions of the Northern Rockies. An exception occurs in the Eastern
Rockies and Grassland subregions, where livestock grazing is a significant stressor.
The Grassland subregion has no cold-water fish species and is dominated by warm-
water species, many of which are nonnatives. Although some concern exists about
aquatic systems in this subregion, no adaptation options were developed for fisher-
ies in the Grassland subregion (but see Box 5.2).

Reduced snowpack is a well-documented effect of warmer temperatures in
mountainous regions (Chap. 3), resulting in lower summer streamflows and warmer
stream temperatures. Adaptation strategies include maintaining higher summer
flows and reducing the negative effects of lower flows. On-the-ground adaptation
tactics include pulsing flows from regulated streams when temperature is high,
reducing water withdrawals for human uses, and securing water rights for instream
flows to control overall water supply.

Increasing cold-water habitat resilience by maintaining and restoring structure
and function of streams is another important adaptation strategy. Adaptation tactics
include restoring channel and floodplain structure to retain cool water and riparian
vegetation, and ensuring that passages for aquatic organisms are effective. These
tactics can be leveraged with ongoing habitat restoration activities, especially near
roads and where high streamflows are frequent. As a general principle, accelerating
riparian restoration will be an effective way to improve hydrologic function and
water retention. Maintaining and restoring American beaver (Castor canadensis)
populations is also an excellent approach for water retention in mountain land-
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scapes. Finally, road removal and relocation from locations near stream channels
and floodplains can greatly improve hydrologic function.

Interactions with nonnative fish species are a significant stress for native cold-
water fish in the Northern Rockies. Facilitating movement of native fish to locations
with suitable stream temperatures is a primary adaptation strategy. Adaptation tac-
tics include increasing the size of suitable habitat, modifying or removing barriers
to fish passage, and documenting where groundwater inputs provide cold water.
Efficacy of these tactics will be higher if native fish populations are currently healthy
and nonnatives are not well established. Another important adaptation strategy is
reducing nonnative fish species. Adaptation tactics include increased harvest of
nonnative fish (e.g., sport fishing), manual or chemical removal of nonnatives, and
excluding nonnatives with migration barriers where feasible.

Livestock grazing can damage vegetation adjacent to streams in grasslands and
shrublands, predisposing aquatic systems to further degradation from warmer
stream temperatures. One adaptation strategy is managing grazing to reduce dam-
age and restore ecological and hydrologic function of riparian systems. Adaptation
tactics include ensuring that standards and guidelines for water quality are adhered
to and monitored, making improvements that benefit water quality and riparian
shading (e.g., fencing), and reducing the presence of cattle through the retirement of
vacant grazing allotments. Locations with high ecological value can be prioritized.

In a warmer climate, it is almost certain that increased wildfire occurrence will
contribute to erosion and sediment delivery to streams, thus reducing water quality.
Increasing resilience of vegetation to wildfire is an adaptation strategy that can help
reduce the severity of fires when they occur. Hazardous fuel treatments that reduce
forest stand densities and surface fuels are an adaptation tactic that is already widely
used in dry forest ecosystems. Disconnecting roads from stream networks, another
tactic already in practice, is especially important, because most sediment delivery
following wildfire is derived from roads.

4.5.2 Principles of Climate-Smart Management

Adaptation options summarized here provide a diverse range of management
responses to climate change for fisheries managers. In addition to these adaptation
options, several overarching principles can help guide implementation:

* Be strategic — Prioritize watershed restoration to ensure that the most important
work is done in the most important places. For example, climate refugia for
native trout in wilderness areas may not require habitat modification to ensure
persistence of those populations. Similar refugia outside wilderness can be tar-
geted to improve habitat conditions and reduce nonnative species. Some basins
are unlikely to provide suitable habitat for native trout in the future, so direct
conservation investments elsewhere.
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Implement monitoring programs — Reduce current and future uncertainties for
decision-making with strategic monitoring, then revise assessments and adapta-
tion as needed. More data are needed for streamflow (more sites), stream tem-
perature (annual data from sensors), and fish distributions. These data will
improve knowledge of status and trends, and contribute to improved models.
Monitoring efficiency is being improved with eDNA inventories of aquatic
organisms (Carim et al. 2016) and inexpensive temperature and flow sensors
(USEPA 2014).

Restore and maintain cold stream temperatures — Many options exist: relocate
roads away from streams, limit seasonal grazing, and manage riparian forest to
maintain shade. In addition, take advantage of existing restoration programs to
improve aquatic habitat for native fish populations.

Manage connectivity — Remove obstacles to fish migration to enhance the suc-
cess of migratory life history forms of native fish species, but be aware that
increased connectivity can also provide access for nonnative fish species (Fausch
et al. 2009). Native populations above barriers may be secure if they can adopt
resident life histories, but are susceptible to extreme disturbances.

Remove nonnative species — Use chemical treatments or electrofishing to
remove nonnative fish species in smaller habitats, thus reducing stress on native
fish populations. Control measures can be useful even if all nonnatives cannot be
removed, although a migration barrier to prevent reinvasion and periodic addi-
tional controls will generally be needed to improve effectiveness.

Implement assisted migration — Move native fish species from one location to
another, a historically common activity in fish management, to found popula-
tions in previously fishless or formerly occupied waters. Although controversial
for most taxa, assisted migration (or managed relocation) may be useful where
basins are currently fishless (or contain only nonnative species in limited num-
bers) because of natural barriers, with the potential to be climate refugia in the
future. Repeated introductions of native species may be appropriate when natural
refounding is not an option, such as when populations are isolated and suscepti-
ble to periodic population crashes (Dunham et al. 2011).

Fisheries managers require a portfolio of strategic and tactical adaptation options,
described here, to address the many biogeographic circumstances they will

encounter in the future. Stream habitats are already dynamic and will be even more
variable in a warmer climate, undergoing both gradual and episodic changes over
time. Many fish populations will adapt successfully, but others will be extirpated.
Although it may not be possible to preserve all populations of all fish species in their
current location, new data can inform adaptive management that targets conserva-
tion where it is most likely to succeed.
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Chapter 5
Effects of Climate Change on Forest
Vegetation in the Northern Rockies
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Abstract 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 drought tolerant species
becoming more competitive. The earliest changes will be at ecotones between life-
forms (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
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increases significantly. Increased abundance and distribution of non-native plant
species, as well as the legacy of past land uses, create additional stress for regenera-
tion of native forest species.

Most strategies for conserving native tree, shrub, and grassland systems focus on
increasing resilience to chronic low soil moisture, and to more frequent and exten-
sive ecological disturbance. 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 fuel treatments to reduce fuel continuity, reducing populations of
nonnative species, potentially using multiple genotypes in reforestation, and revis-
ing 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.

Keywords Forest productivity ® Climate change vulnerabilities ¢ Adaptation strate-
gies and tactics ® Conifer forests ® Ponderosa pine ® Whitebark pine ¢ Lodgepole
pine ¢ Grand fir * Douglas-fir » Western white pine * Western red cedar * Green ash
* Cottonwood ¢ Limber pine

5.1 Introduction

Climate change will affect vegetation assemblages in the Northern Rockies directly
through altered vegetation growth, mortality, and regeneration, and indirectly
through changes in disturbance regimes and interactions with altered ecosystem
processes (e.g., hydrology, snow dynamics, nonnative species). Some species may
be in danger of decreased abundance, whereas others may expand their range. New
vegetation communities may form, and historical vegetation complexes may shift to
other locations or become rare.

Here we assess the effects of climate change on forest vegetation, based on spe-
cies autecology, disturbance regimes, current conditions, and modeling. We focus
on important Northern Rockies forest tree species and the vegetation types in
Fig. 5.1, inferring the vulnerabilities of each species and vegetation type from infor-
mation found in the literature. Vulnerability is considered with respect to heteroge-
neous landscapes, including both vegetation disturbance and land-use history.
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Existing Vegetation Types

I o1y Ponderosa Pine and Douglas-fir Forests I Riparian B ~oricutture
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I cdgepole Fine and Aspen Mixed Conifer Forests I searseiy vegetated Bl oeveioped
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o Northern Rockies Subregional Areas

Fig. 5.1 Current vegetation types for the five Northern Rockies subregions. The map was created
from the LANDFIRE Existing Vegetation Type map by aggregating National Vegetation
Classification Standard vegetation types into a set of vegetation types relevant at coarse spatial
scales

5.1.1 Climate Change Assessment Techniques

Past efforts to project the effects of climate change on ecosystem processes have
primarily used four techniques (Clark et al. 2001; Schumacher et al. 2006; Joyce
et al. 2014). Expert opinion involves experts in the fields of climate change, ecol-
ogy, and vegetation dynamics qualitatively assessing the effects of various climate
change scenarios on vegetation. Field assessment involves sampling or remote
sensing to monitor vegetation change as the climate warms. Although field assess-
ment techniques are the most reliable and useful, they are often intractable because
of the large areas and long time periods for which sampling is needed to detect
changes. Statistical analysis can be used to create empirical models that project
climate change response, including projections of habitat, range, or occupational
shifts of tree species from climate warming using species distribution models (e.g.,
Iverson and Prasad 2002). This type of model is inherently flawed, because it relates
contemporary species occurrence to current climate, resulting in predictions of
potential species habitat, not species distribution, and does not include interact-
ing ecological processes (e.g., reproduction, tree growth, competitive interactions,
disturbance) (Iverson and McKenzie 2013). Modeling to assess climate-mediated
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vegetation responses is the most effective technique, using projected future climate
as inputs into ecological models to simulate climate change effects and interactions
(Keane et al. 2004). Models focused on large spatial scales (100—1000 km?) are best
suited for projecting climate change effects, because most ecosystem processes
operate and most management decisions are made at large scales (Cushman et al.
2007; McKenzie et al. 2014).

A mechanistic, process-driven simulation approach is needed to emphasize
physical drivers of vegetation dynamics directly related to climate, which makes
model design complex, with many species characteristics and disturbance factors
(Lawler et al. 2006). Ecosystem models that accurately project climate change
effects must simulate disturbances, vegetation, climate, and their interactions across
multiple spatial scales, but few models simulate ecosystem processes with the
mechanistic detail needed to realistically represent important interactions (Keane
et al. 2015b; Riggs et al. 2015). A fully mechanistic approach may be difficult for
both conceptual and computational reasons, and some simulated processes may
always require a stochastic or empirical approach (Falk et al. 2007; McKenzie et al.
2014).

5.1.2 Forest Vegetation Responses to Climate

The effects of climate change on forest vegetation will be driven primarily by altered
disturbance regimes, and secondarily through shifts in regeneration, growth, and
mortality (Flannigan et al. 2009; Temperli et al. 2013). Trees will respond to reduced
water availability, higher temperatures, and changes in growing season in different
ways, but because trees are stationary organisms, altered vegetation composition
and structure will be the result of changes in plant processes and responses to
disturbance.

Several modes of plant function will determine fine-scale response to climate
change (Joyce and Birdsey 2000). Productivity may increase in some locations
because of increasing temperatures and longer growing seasons (especially at higher
elevation), but decrease in others where soil moisture decreases (especially at lower
elevation). The window of successful seedling establishment will change (Ibafiez
et al. 2007), and increasing drought and high temperatures may narrow the time for
effective regeneration in low-elevation forests and widen the window in high-eleva-
tion forests. Tree mortality can be caused by temperature or moisture stress, as well
as late growing-season frosts and high winds (Joyce et al. 2014). Phenology may be
disrupted in a warmer climate, with some plants experiencing damage or mortality
when phenological cues and events are mistimed with new climates (e.g., flowering
during dry portions of the growing season). Finally, genetic limitations of species or
trees may affect their response to climate change (e.g., species restricted to a narrow
range of habitat conditions may become maladapted) (Hamrick 2004; St. Clair and
Howe 2007) (Table 5.1).
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Table 5.1 Comparison of attributes characterizing adaptive strategies for tree species (After
Rehfeldt 1994)

Adaptive strategy
Attributes Specialist Generalist
Factors controlling phenotypic expression of | Genotype Environment
adaptive traits
Mechanisms for accommodating Genetic variation Phenotypic plasticity
environmental heterogeneity
Range of environments where physiological | Small Large
processes function optimally
Slope of clines for adaptive traits Steep Flat
Partitioning of genetic variation in adaptive Mostly among Mostly within
traits populations populations

Direct effects of temperature on plant growth may increase photosynthesis and
respiration. If projected temperatures exceed photosynthetic optima (especially at
low elevation), then plant growth might suffer, whereas some trees at high elevation
may have photosynthetic gains. Respiration also increases with temperature, so
high temperatures coupled with low water availability may result in high respira-
tional losses with few photosynthetic gains (Ryan et al. 1995).

Increased atmospheric CO, may increase water-use efficiency (and growth) in
some conifer species, potentially compensating for lower water availability. Longer
growing seasons and a more variable climate may affect dormancy regulation, bud
burst, and early growth (Chmura et al. 2011). Warmer temperatures may reduce
growing-season frosts in mountain valleys, thereby allowing cold-susceptible spe-
cies, such as ponderosa pine (Pinus ponderosa), to exist in habitats currently occu-
pied by other species. Snowmelt provides much of the water used by trees in
mountain forests, so amount and duration of snowpack will greatly influence regen-
eration and growth patterns, typically having a negative effect at low elevation and
often a positive effect at high elevation (Peterson and Peterson 2001).

Human land-use activities may overwhelm climate change effects in some cases.
For example, decades of fire exclusion have resulted in increased tree regeneration
and denser canopies in dry forests, coupled with accumulation of fuels (Keane et al.
2002). Because these conditions create competition for water, light, and nutrients,
trees in fire-excluded forests are often stressed, making them susceptible to mortal-
ity from secondary stressors, such as drought, insect outbreaks, and fire. Most tree
species are long lived and genetically diverse, so they can survive wide fluctuations
of weather, but interacting drought and modified disturbance regimes will probably
play a major role in the future distribution and abundance of forest species (Allen
et al. 2010). Most plants have slow migration rates, often depending more on regen-
erative organs (e.g., sprouting) than seed dispersal. The potential for tree species to
migrate may differ among different mountain ranges, depending on local biophysi-
cal conditions.

Genetic diversity helps species adapt to changing environments, colonize new
areas, and occupy new ecological niches (Ledig and Kitzmiller 1992) (Table 5.1).
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Species and populations vulnerable to climate change are typically rare, genetic
specialists, species with limited phenotypic plasticity, species or populations with
low genetic variation, populations with low dispersal or colonization potential, pop-
ulations at the trailing edge of climate change, populations at the upper elevation
limit of their distribution, and populations threatened by habitat loss, fire, insects, or
disease (Spittlehouse and Stewart 2003; St. Clair and Howe 2007). Fragmentation
is a critical issue for plant populations because isolation and a small number of
individuals can promote inbreeding and loss of genetic diversity (Broadhurst et al.
2008).

5.1.3 Biotic and Abiotic Disturbances

Most changes in vegetation will be facilitated through responses to disturbance or to
stress complexes in which multiple factors interact to modify ecosystem structure
and function (McKenzie et al. 2009; Iverson and McKenzie 2013; Keane et al.
2015a). Fire exclusion in the Northern Rockies since the 1920s has disrupted annual
occurrence, spatial extent, and cumulative area burned by wildfires, resulting in
increased surface fuel loads, tree densities, and ladder fuels, especially in low-
elevation, dry conifer forests. If drought increases as expected, area burned will
increase significantly (McKenzie et al. 2011; Peterson et al. 2014). Reduced snow-
pack and drier fuels could also make high-elevation forests more susceptible to
increasing fire occurrence (Miller et al. 2009).

Insect activity and outbreaks are also affected by climate and will dictate future
forest composition and structure. Mountain pine beetle (Dendroctonus ponderosae)
is an aggressive and economically important insect responsible for high tree mortal-
ity across large areas (Logan et al. 2003), and warming temperatures have directly
influenced bark beetle-caused tree mortality in much of western North America
(Safranyik et al. 2010). Future mortality will depend on spatial distribution of live
host trees, heterogeneity of future landscapes, and ability of beetle populations to
adapt to changing conditions.

5.2 Climate Change Effects on Tree Species

Climate change effects on trees species in the Northern Rockies were inferred based
on autecology, disturbance interactions, and current and historical conditions
(Table 5.2). Most information is from published literature, tempered with profes-
sional experience. Primary sources of autecological information are Minore (1979),
Burns and Honkala (1990), Bollenbacher (2012), and Devine et al. (2012). MC2
model output was used to evaluate climate change effects on important species and
vegetation types (Figs. 5.2 and 5.3). The literature is sometimes inconsistent on the
response of tree species to climate change, reflecting considerable uncertainty about
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Table 5.2 Climate change vulnerability ratings for tree species in the Northern Rockies (including
its five subregions); ratings are ordinal, with 1 being the most vulnerable. Species not included in
a subregion are indicated by a dash

Subregion
Greater
Northern | Western | Central Eastern Yellowstone
Species Rockies |Rockies | Rockies Rockies Area Grassland
Alpine larch | 1 2 1 - - -
Whitebark 2 1 2 1 1 -
pine
Western white | 3 5 3 - - -
pine
Western larch | 4 6 4 - - -
Douglas-fir 5 8 8 2 2 1
Western 6 4 5 - - -
redcedar
Western 7 3 6 - - -
hemlock
Grand fir 8 7 7 - - -
Engelmann |9 9 11 3 4 5
spruce
Subalpine fir | 10 10 12 4 5 6
Lodgepole 11 11 10 5 6 7
pine
Mountain 12 3 9 - - -
hemlock
Cottonwood | 13 12 13 6 3 2
Aspen 14 13 14 8 7 3
Limber pine | 15 - 15 7 8 4
Ponderosa 16 14 16 - - -
pine-west
Ponderosa 17 - - 9 9 8
pine-east
Green ash 18 - - 10 10 9

projections. In addition, the amount of climate change matters. Most climate change
studies project minimal changes after moderate warming (B1, B2, A1B, RCP 4.5
scenarios), but major species shifts under extreme emission scenarios (Al, A2, RCP
8.5 scenarios). The time frame used affects the magnitude of response, with most
studies projecting much greater changes in vegetation after the mid-twenty-first
century.
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Northern Rockies Vegetation Types from MC2 Model

Boreal Evergreen Needieleaf Forest I suburopical Mixed Forest
Boreal Mixed Forest Bl subropical Mixed Savanna E Temperate Grassiand
Maritime Evergreen Needleleaf Forest I subtropical Shrubland [] Temperate Shrubland
Subalpine Forest Il Terperate Cool Mixed Forest [ Temperate Warm Mixed Forest
Sublropical Deciduous Broadieaf Savanna - Te-mne Cool Mixed Woodland [ Termperate Warm Mixed Woodiand
- Subtropical Evergreen Broadieal Forest Forest - Tundra
- Sublropical Evergreen Broadleal Savanna = - Taiga-Tundra
Bl subtropical Evergreen Neediea Savanna Tunwanbmn o Northern Rockies Subregional Areas
[ ] subtropical Grassland [ Temperate Evergreen Needieleaf Forest

Fig. 5.2 Vegetation types used in the MC2 model within the five Northern Rockies subregions.
These vegetation types are represented in the model output in Fig. 5.3

5.2.1 Ponderosa Pine (Pinus ponderosa)

Ponderosa pine is a shade-intolerant, drought-adapted species in low-elevation, dry
forests of the Northern Rockies (Minore 1979). Ponderosa pine is a “drought
avoider” that tolerates dry soil conditions by efficiently closing stomata to avoid
water loss and xylem cavitation and stay alive during deep droughts (Sala et al.
2005). Seedlings are highly susceptible to frost damage, and the occurrence of frosts
often excludes the pine from low valley settings, especially in frost pockets and cold
air drainages (Shearer and Schimidt 1970). As a seral species, ponderosa pine is
often associated with Douglas-fir (Pseudotsuga menziesii), lodgepole pine (Pinus
contorta var. latifolia), grand fir (Abies grandis), and western larch (Larix occiden-
talis). Ponderosa pine is highly resistant to fire, more resistant than nearly all of its
competitors (Ryan and Reinhardt 1988), which historically allowed it to maintain
dominance over large areas that burned frequently.

Ponderosa pine is expected to tolerate increasing temperatures and droughts with
only moderate difficulty. As a “drought avoider,” it can close stomata at low soil-
water potential, allowing it to persist in low-elevation sites (Stout and Sala 2003).
Three studies have projected an expansion of the range of ponderosa pine in a
warmer climate (Hansen et al. 2001; Nitschke and Innes 2008; Morales et al. 2015).
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Fig. 5.3 Maps of MC2 vegetation type distributions with and without fire suppression (the two
columns) for two emission scenarios (A1B, A2) and three time periods (historical, 2050, 2100)
(each row) for five Northern Rockies subregions (outlined in bold on each map). Vegetation types
are: B boreal, M maritime, SA subalpine, S subtropical, 7" temperate, ENF evergreen needleleaf
forest, ENW evergreen needleleaf woodland, F forest, MF mixed forest, MW mixed woodland,
DBF deciduous broadleaf forest, DBW deciduous broadleaf woodland (not all vegetation types in

the legend are represented in the map)
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There may also be opportunities for this species to move to higher elevations, based
on competitiveness in dry soils (Gray and Hamann 2013). Increases in mountain
pine beetle and other insects, advancing competition resulting from fire exclusion,
and increases in fire severity and intensity will dictate the future of ponderosa pine
in the Northern Rockies. If fires are too frequent, established regeneration will never
survive, and mature individuals will not become established. Increasing fire severity
and occurrence could also eliminate old trees that provide seed sources for populat-
ing future burns.

5.2.2 Douglas-Fir (Pseudotsuga menziesii)

Douglas-fir is a major component of lower elevation and mixed-conifer forests in
the Northern Rockies (only Rocky Mountain Douglas-fir [var. glauca] is found
here]). It is an early-seral species in moist habitats with western larch, western white
pine (Pinus monticola), grand fir, western redcedar (Thuja plicata), and western
hemlock (7Tsuga heterophylla), and is late seral in drier habitats with ponderosa
pine, juniper, and quaking aspen (Populus tremuloides). Douglas-fir is a “drought
tolerator,” keeping stomata open to extract soil water at low soil-water potentials,
thereby subjecting it to xylem cavitation and potentially death in extreme drought
(Stout and Sala 2003; Sala et al. 2005). Western spruce budworm (Choristoneura
occidentalis), Douglas-fir tussock moth (Orgyia pseudotsugata), and Douglas-fir
beetle (Dendroctonus pseudotsugae) are prominent insects that affect this species.
Thick bark, thick foliar buds, and deep main roots confer high resistance to
wildfire.

Douglas-fir is expected to have low to moderate vulnerability to climate change.
Recent modeling results project no change to significant increases in the range of
this species in a warmer climate (Morales et al. 2015), although it is possible that it
will decrease in drier portions of its range (Nitschke and Innes 2008). Growth will
probably decrease somewhat in a warmer climate, both in the Northern Rockies and
the rest of the western United States (Restaino et al. 2016). Increased wildfire, cou-
pled with adverse effects of fire exclusion, could cause mortality in Douglas-fir in
stands with high fuel loadings. If fires increase, they may be so frequent that
Douglas-fir seedlings cannot become established and become mature trees. Recent
surveys show significant increases in Douglas-fir seedling mortality in response to
increasing drought and high temperature, which may become more common in the
future.

5.2.3 Western Larch (Larix occidentalis)

Western larch grows in moist, cool environments in valley bottoms, benches, and
northeast-facing mountain slopes. Larch has low water-use efficiency compared to
other conifers in the Northern Rockies, explaining its absence on xeric sites. Early
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autumn cold snaps affect seedling and sapling survival (Rehfeldt 1995), and drought
affects mid- to late-season survival. Larch is a long-lived, shade intolerant, early-
seral species, growing fast with tall, open crowns and outcompeting other species
(Milner 1992). It is moderately drought tolerant and can survive seasonal drought,
but performs poorly when droughts last more than 2 years. Douglas-fir is the most
common associate, but many other species can be found with larch. Frequent, low-
intensity wildfire historically maintained dominance of larch, which is very tolerant
of fire (Ryan and Reinhardt 1988). Extensive logging removed many of the large
larch that could have survived fire, and fire exclusion has eliminated the burned
mineral soil seedbeds where western larch can regenerate.

Western larch may be susceptible to future changes in climate because of its nar-
row distribution in the Northern Rockies and its uncertain association with wildfire.
Modeling studies suggest that larch may be susceptible to a warmer climate, with
potentially large constrictions of its range in some locations (Fins and Steeb 1986;
Nitschke and Innes 2008; Aston 2010; Morales et al. 2015). Western larch may
migrate to more northerly and higher areas in the Northern Rockies, but not without
surviving major fires (Gray and Hamann 2013). Increasing fires may help return
western larch to the Northern Rockies landscape, but this would require significant
assistance from planting. Continued fire exclusion will probably result in continu-
ing declines of western larch, because increased competition will reduce vigor,
making trees more susceptible to insects and pathogens, and fuel loadings will prop-
agate crown fires, causing high larch mortality (Keane et al. 1996).

5.2.4 Western White Pine (Pinus monticola)

Western white pine grows at mid elevations in the Northern Rockies, often in steep
topography along moist creek bottoms, lower benches, and north aspects.
Intermediate in shade tolerance, it is usually an early-seral species (Minore 1979),
attaining dominance in a stand only following wildfire or through silvicultural sys-
tems that favor it. Once established, western white pine grows best in full sunlight.
Seedlings have low drought tolerance, and seedling mortality in the first growing
season is attributed to high surface temperatures and low soil moisture. White pine
is tolerant of cold when dormant. Seed germination requires 20—120 days of cold,
and occurs following snowmelt, typically on mineral soil (Graham 1990). Mature
trees are relatively tolerant of wildfire, especially where they have high, open
crowns. The abundance and distribution of white pine is currently restricted because
of removal through logging over the past century.

Western white pine may be reasonably well adapted to higher temperature in
wetter portions of the Northern Rockies (Loehman et al. 2011). Its fast growth rate
and ability to survive fire provide ecological resilience, and it disperses seeds heav-
ily into burned areas, providing an effective means of regeneration with high fire
occurrence. However, in much of its range, white pine will be susceptible to declines
from interacting effects of fire exclusion, white pine blister rust, and rapid succes-
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sion to shade tolerant conifer communities. White pine blister rust is a huge stressor,
because white pine has not yet developed the genetic capacity to overcome this
disease (Fins et al. 2002). Therefore, even if wild fire increases opportunities for
regeneration, there may be few residual trees to provide the necessary seed source.
Abundance of western white pine is currently low in isolated landscapes, and thus
the magnitude of any decline may be large relative to current and past populations
Without a comprehensive restoration program, this species may never again be
dominant in the Northern Rockies.

5.2.5 Grand Fir (Abies grandis)

Grand fir is found on a wide variety of sites in the Northern Rockies, including
stream bottoms and valley and mountain slopes (Foiles et al. 1990). It is either an
early-seral or late-seral species depending on site moisture (Ferguson and Johnson
1996), often found with Douglas-fir, ponderosa pine, western redcedar, western
hemlock, and other species. Grand fir is shade tolerant, but is relatively intolerant of
drought. It has low frost tolerance but can tolerate seasonally fluctuating water
tables. It is susceptible to fire damage in moist creek bottoms, but is more resistant
on dry hillsides where roots are deeper and bark is thicker (Ryan and Reinhardt
1988). It is susceptible to heart rot and decay, especially armillaria root rot
(Armillaria spp.) and annosus root disease (Heteribasidion annosum), and is
attacked by numerous insects (Foiles et al. 1990). Fire exclusion has greatly
increased grand fir on both dry and mesic sites, but increased tree densities have also
stressed grand fir trees, contributing to increased fuel loadings, and higher damage
and mortality from root rot and insects.

On xeric sites, increased drought and longer growing seasons will exacerbate
stress for grand fir, with increased competition and potentially high mortality from
insects and disease. Modeling studies have projected major declines in this species
by the end of the twenty-first century (Nitschke and Innes 2008; Coops and Waring
2011). However, increased productivity may lead to expanded grand fir populations
on sites with moderate moisture (Urban et al. 1993; Aston 2010). On mesic sites
where grand fir is seral to western redcedar and western hemlock, longer growing
seasons coupled with higher temperatures may increase growth rates and regenera-
tion success. Longer fire seasons and high fuel loadings will potentially rearrange
grand fir communities across the Northern Rockies, reducing grand fir dominance
at both large and small scales. Although many grand fir forests are stressed from
high tree densities, the species will probably tolerate changes in climate and remain
on the landscape at levels similar to historical conditions.
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5.2.6 Western Redcedar (Thuja plicata)

Western redcedar is a component of mesic forests in the Northern Rockies, occupy-
ing wet ravines and poorly-drained depressions, often as a riparian species. Shade
tolerance is high, and it is often present in all stages of forest succession. It is associ-
ated with grand fir, western white pine, western hemlock, western larch, and pon-
derosa pine, occurring in pure stands only where fire has been excluded for a long
time, or where fire has been used to maintain redcedar dominance. It regenerates
best on disturbed mineral soil, although scorched soil is not beneficial for regenera-
tion, and seedlings survive best in partial shade. It is not resistant to drought or frost,
and can be damaged by freezing temperatures in late spring and early autumn.
Western redcedar is not severely affected by most insects and pathogens (Minore
1990), and is moderately fire tolerant when mature.

Western redcedar may retain its current range in a warmer climate, and produc-
tivity may increase in cooler, wetter locations (Hamann and Wang 2006; Aston
2010). Although warmer conditions may benefit redcedar in some locations, drier
conditions would likely reduce its distribution and productivity in dry to mesic sites,
especially if it becomes more susceptible to insect attacks (Woods et al. 2010).
Warming could also result in a loss of chilling required for western redcedar growth
and reproduction (Nitschke and Innes 2008). The potential effects of disturbance on
redcedar are unclear. Fire can maintain redcedar communities if it burns at low
severities and kills only seedlings and saplings, but high-severity wildfires can elim-
inate seed sources. Continued fire exclusion may maintain current western redcedar
distributions, but without fuel treatments, crown fires may be sufficiently common
to cause extensive mortality. Western redcedar is often associated with ash cap soils,
and the potential of redcedar to migrate to non-ash soils under new climates may be
limited.

5.2.7 Western Hemlock (Tsuga heterophylla)

Western hemlock is found in mild, humid climates and in environments with abun-
dant soil moisture throughout the growing season, typically found in association
with western redcedar, grand fir, Douglas-fir, western larch, western white pine,
lodgepole pine, and ponderosa pine. Where soils are relatively dry in summer, hem-
lock is found primarily on north aspects and in moist drainages and other locations
where water is available. This species is very shade tolerant and usually considered
a late-seral species, although it is often common at all stages of stand development.
Hemlock is highly susceptible to drought during the growing season (Baumgartner
et al. 1994). It can germinate on a variety of organic and mineral seedbeds, and its
seedlings are highly susceptible to frost. Many root and bole pathogens cause sig-
nificant damage and mortality in western hemlock. It is very susceptible to fire dam-
age because of its shallow roots and thin bark, and its relatively shallow root system
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makes it susceptible to wind throw. Most stands in the Northern Rockies that con-
tain western hemlock have become denser over the past century, with the hemlock
component increasing in the overstory and understory, a condition often leading to
reduced vigor.

Increased drought and area burned are expected to reduce abundance and distri-
bution of hemlock, especially in drier locations. Several studies have projected con-
tractions in western hemlock distribution. For example, Hansen et al. (2001)
simulated major contractions in western hemlock range, and Shafer et al. (2001)
reported that western hemlock may decrease in range because chilling requirements
for the seeds will not be met. Keane et al. (1996) simulated losses of western hem-
lock and redcedar under moderate climate warming in Glacier National Park, mostly
as a result of severe fires. Other studies project both a decrease and increase in
western hemlock in a warmer climate (Urban et al. 1993; Cumming and Burton
1996; Hamann and Wang 2006). It is possible that western hemlock will maintain
most of its current range in the future, although it may not have the diversity in
growth habit to allow it to expand its range into higher-elevation sites as tempera-
tures warm.

5.2.8 Lodgepole Pine (Pinus contorta var. latifolia)

Lodgepole pine has the widest range of environmental tolerance of any conifer in
North America (Lotan and Critchfield 1990) and is found in a broad range of soils
and local climatic conditions in the Northern Rockies. Shade intolerant and rela-
tively tolerant of both drought and cold temperatures, this species grows in nearly
pure stands as well as in association with several other conifer species. The presence
of cone serotiny in most populations allows lodgepole pine to reproduce prolifically
following wildfire, and seedlings can survive diverse microsite and soil conditions,
although drought is a common cause of mortality in first-year seedlings. Fire plays
a critical role in lodgepole pine forest succession, and many current forests origi-
nated from stand-replacement fires. Mature trees have moderate tolerance to fire
and can survive light burns. Mountain pine beetle also plays a significant role in the
dynamics of lodgepole pine ecosystems, as evidenced by recent large outbreaks in
the Northern Rockies and much of western North America, which have resulted
from a combination of increased temperature and an abundance of low-vigor stands
(Carroll et al. 2003).

Longer droughts and warmer temperature in lower-elevation sites may reduce
lodgepole pine growth and regeneration, with a possible transition to other tree spe-
cies (Chhin et al. 2008; Nigh 2014). The results of different modeling studies are
equivocal about the future distribution of this species in a warmer climate, but given
that lodgepole pine is a generalist capable of regenerating and growing in a wide
range of environments, it is likely that the decline of lodgepole pine from drier sites
will occur only under extreme warming scenarios over long time periods. In the
subalpine zone where seasonal drought is not a problem, moderate warming may
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increase lodgepole pine productivity (Johnstone and Chapin 2003; Wang et al. 2006;
Aston 2010) and possibly distribution. The ultimate fate of lodgepole pine will
depend on frequency and extent of wildfire (Smithwick et al. 2009). Populations
with serotiny can be expected to respond well to future fire, but very frequent fire
could eliminate younger stands. In addition, mountain pine beetle outbreaks will
probably have a major influence on lodgepole pine abundance and distribution in a
warmer climate (Creeden et al. 2014). As with fire, the frequency and extent of
beetle-caused mortality will dictate future stand conditions (Logan and Powell
2001). In summary, lodgepole pine distribution may both expand and contract
depending on location, but the species is expected to persist in the Northern Rockies
as long as fire remains on the landscape.

5.2.9 Limber Pine (Pinus flexilis)

Limber pine is a shade-intolerant, early-seral species in the Northern Rockies
(Steele 1990). Limber pine has difficulty competing with other species on more
productive mesic sites and is often succeeded by Douglas-fir and subalpine fir.
Reproduction is often very low for this slow-growing, long-lived species whose
seeds are dispersed by rodents and Clark’s nutcracker (Lanner 1980). Limber pine
is tolerant of drought and can become established and grow in arid environments.
The broad niche occupied by limber pine indicates this species has a generalist
adaptive strategy. However, it is experiencing significant damage from white pine
blister rust and mountain pine beetle in some locations (Taylor and Sturdevant 1998;
Jackson et al. 2010).

Warming temperatures and decreasing snowpack will result in increased growth
in many limber pine communities (Aston 2010). Increases in vigor are usually
accompanied by larger cone crops, higher seed viability, more seeds per cone, wider
seed dispersal, and greater resistance to disease. Warm temperature could cause
drier soils, especially for seed germination and seedling growth. Disturbance inter-
actions will affect limber pine dynamics in a warmer climate. Increased wildfire
may limit its encroachment into grasslands in areas where grazing is low. Warmer,
drier conditions may also reduce blister rust infection by disrupting the pathogen
life cycle, especially during the late summer when infection occurs.

5.2.10 Subalpine Fir (Abies lasiocarpa)

Subalpine fir occupies lower valleys to the upper subalpine zone in the Northern
Rockies, often associated with grand fir, western larch, Douglas-fir, western redcedar,
and western white pine at lower elevations (Pfister et al. 1977) and with lodgepole
pine, Engelmann spruce, whitebark pine, alpine larch, and mountain hemlock at higher
elevations (Arno 2001). Fir tolerates shade, but cannot tolerate prolonged drought,
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especially in the seedling stage. Reproduction tends to occur in pulses relative to peri-
odic seed crops and the occurrence of favorable weather for germination and establish-
ment (Alexander et al. 1990). Fir is highly susceptible to fire damage because of thin
bark, dense foliage, and shallow roots (Ryan and Reinhardt 1988), and even low-
severity fires can cause high mortality. Several insects and pathogenic fungi damage
this species, especially in older, low-vigor stands. Abundance of subalpine fir has
increased in some Northern Rockies landscapes (Keane et al. 1994), increasing stress
from competitive interactions and causing at least some mortality during dry periods.

With a diverse range throughout the Northern Rockies, subalpine fir could
expand its range into the treeline, become more productive in colder portions of its
current range, and decline in growth and extent in warmer, drier portions of its cur-
rent range. Model output ranges from large losses of subalpine fir (Hamann and
Wang 2006) to minimal change in its distribution (Bell et al. 2014). Most paleo-
reconstructions in the Holocene show that subalpine fir was dominant during cold
periods and declined during warm periods (Whitlock 1993, 2004; Brunelle et al.
2005). The future of subalpine fir will depend on the degree of warming and fre-
quency and extent of disturbance, especially wildfire. Increased fire would reduce
subalpine fir dominance faster and more extensively than direct climate effects. This
species may shift across the high mountain landscape, with gains balancing losses
(caused directly by changes in climate). However, future increases in fire, disease,
and insects may limit its abundance. Because fir is an aggressive competitor, gains
through advanced succession in the upper subalpine zone may balance or exceed
losses from fire, drought, and pathogens in the lower subalpine zone.

5.2.11 Engelmann Spruce (Picea engelmannii)

Engelmann spruce is a major component of high-elevation forests in the Northern
Rockies, and although it commonly occurs with subalpine fir, it is also associated
with many other conifer species. Spruce is shade tolerant and cold tolerant, but is
intolerant of low soil moisture and prolonged drought (Alexander and Shepperd
1990). Seedlings are very intolerant of high temperatures and low soil moisture.
Spruce is very susceptible to fire injury and mortality, although some mature trees
can survive fire (Bigler et al. 2005), thus providing a post-fire seed source. Spruce
beetle (Dendroctonus rufipennis) and western spruce budworm are serious stress-
ors, usually attacking older, low-vigor trees. Logging and fire have reduced spruce
in some lower-elevation areas in the Northern Rockies.

In a warmer climate, some losses of Engelmann spruce may occur in drier por-
tions of its range, especially in seasonally moist sites. Mortality events in Engelmann
spruce over the last 20 years have been attributed to prolonged drought, presumably
related to changing climate (Liang et al. 2015), and warm, dry weather has been
associated with periods of low growth (Alberto et al. 2013). Most modeling output
suggests that spruce will decrease in distribution while moving up in elevation.
Spruce may become established in high-elevation locations where snow precluded
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conifer regeneration historically (Schauer et al. 1998), particularly because it has
the genetic capacity to adapt to large swings in climate (Jump and Pefiuelas 2005).
With good seed dispersal and tall stature, spruce is able to establish in previously
non-forested areas. Paleoclimatic studies indicate that spruce regeneration was
highest during the warmest (low snow) periods of the past several centuries. Because
spruce is not resistant to wildfire, major declines could occur if projected increases
in fire reach forests where spruce is dominant. Spruce beetle will be an ongoing
Stressor.

5.2.12 Mountain Hemlock (Tsuga mertensiana)

Mountain hemlock is found in cold, snowy upper subalpine sites where it grows
slowly and can live to be more than 800 years old. It is commonly associated with
subalpine fir and lodgepole pine, often restricted to north slopes. Hemlock is very
shade tolerant, competes well with other species, and is usually considered a late-
seral species (Minore 1979; Means 1990). It is not fire resistant, because although it
has thick bark when mature, it retains low branches and has shallow roots (Dickman
and Cook 1989). Hemlock is susceptible to laminated root rot (Phellius weirii)
which can rapidly kill large groups of trees (Means 1990). Fire exclusion has prob-
ably facilitated an increase in hemlock in some locations in the Northern Rockies.

In a warmer climate, mountain hemlock forests are expected to increase in pro-
ductivity at the highest elevations, but could experience some drought stress at
lower elevations (Peterson and Peterson 2001). This potential for increasing produc-
tivity at high elevation may buffer mountain hemlock from a warmer climate for
many decades. Higher temperatures and less snowpack would also facilitate
increased regeneration (Woodward et al. 1995). The potential effects of fire are a big
uncertainty. Mountain hemlock has a limited range in the Northern Rockies, so if
warming and drying facilitate increased spread of fire into higher subalpine habitats,
then hemlock could be threatened.

5.2.13 Alpine Larch (Larix lyallii)

Alpine larch is a deciduous conifer that occupies the highest treeline environments
in the Northern Rockies, including the Bitterroot, Anaconda-Pintler, Whitefish, and
Cabinet Ranges of western Montana. Larch grows in cold, snowy, and generally
moist climates, often in pure stands but also associated with whitebark pine, subal-
pine fir, and Engelmann spruce. Because this species relies on subsurface water in
summer, it has very low drought tolerance (Arno 1990). This shade intolerant coni-
fer has a high capacity to survive wind, ice, and desiccation damage during winter
when needles are off the trees, and seedlings are very cold tolerant. Fuel loadings
are typically low in the subalpine zone, so large fires are infrequent, killing or
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injuring larch when they do occur. Alpine larch populations have been relatively
constant historically, although the species may be increasing in ribbon forest glades
and high-elevation areas where snowpack has been low during the past 20 years.

Alpine larch is expected to be susceptible to climatic shifts that result in increas-
ing drought and fire. As a shade- and drought-intolerant species, alpine larch is not
expected to be competitive in increasingly drier soils (Arno and Habeck 1972). Low
water availability would be especially damaging to larch in the southern portions of
its range, and other subalpine species may be more competitive under stressful con-
ditions. Larch is not well-adapted to survive wildfire (Arno 1990), and if fires
become more frequent, this species would experience considerable mortality.
However, alpine larch is a prolific seeder and may be able to take advantage of new
seedbeds at treeline that were historically covered with snow most of the year. In
addition, like other subalpine species, larch may grow faster in a warmer climate.
Where alpine larch is able to genetically intergrade with western larch, hybrids may
be more tolerant of drought and competition (Carlson et al. 1990).

5.2.14 Whitebark Pine (Pinus albicaulis)

Whitebark pine is an important component of upper subalpine forests in the Northern
Rockies—a keystone species that supports high community diversity (Tomback
et al. 2001). It is associated with subalpine fir, Engelmann spruce, and mountain
hemlock. This species is slow growing, long lived and moderately shade tolerant
(Minore 1979), surviving extended drought, strong winds, thunderstorms, and bliz-
zards (Callaway et al. 1998). It occurs as krummholz and small tree islands at
exposed treeline sites. Whitebark pine regeneration benefits from the Clark’s nut-
cracker burying thousands of pine seeds in “seed caches” across diverse forest ter-
rain (Keane et al. 2012). Whitebark pine fire regimes are complex and variable in
space and time, creating diversity in age, stand structure, and habitat characteristics
(Keane et al. 1994). Mountain pine beetle is the most damaging insect in mature
stands, often spreading upward from lodgepole pine forests. A severe epidemic
caused high mortality in whitebark pine in the Northern Rockies between 1909 and
1940, and mortality has been high in the Greater Yellowstone Area in recent years.
White pine blister rust has killed large numbers of whitebark pine in the Northern
Rockies, with mortality exceeding 80% in some locations (Keane et al. 2012).
Efforts to propagate rust-resistant pines have led to recent plantings of resistant
nursery stock in areas that have burned or were declining.

The fate of whitebark pine in a warmer climate will largely depend on local
changes in disturbance regimes and their interactions (Keane et al. 2015a). Although
this species has a limited range, it was able to persist through many climatic cycles
in the past (Whitlock and Bartlein 1993; Whitlock et al. 2003). The predominant
stress of blister rust, which precludes regeneration in burned areas, is the greatest
cause for concern individually and in combination with climate change. Recent
mortality from blister rust and mountain pine beetle have been widespread in the
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Northern Rockies (Keane and Parsons 2010). A warmer climate is expected to exac-
erbate this decline because (1) pine is confined to upper subalpine environments (2)
its populations are low, and (3) its regeneration is limited. The only realistic path-
way for maintaining viable populations of whitebark pine in the future is for rust-
resistant individuals to survive, supplemented by restoration efforts, in order to
propagate stands that are resilient enough to survive to reproduction age.

5.2.15 Quaking Aspen (Populus tremuloides)

The most widely distributed tree species in North America, quaking aspen is abun-
dant in the mountains of western and southwestern Montana and northern Idaho.
Aspen is a short-lived, shade-intolerant, disturbance-maintained seral species. It
sprouts aggressively following any disturbance (usually fire) that kills most of the
live stems, thus stimulating vegetative propagation (Bartos 1978). Parent trees pro-
duce stems, resulting in a clone of genetically identical stems, a reproductive strat-
egy that allows aspen to establish quickly on disturbed sites and out-compete
conifers (Mitton and Grant 1996; Romme et al. 1997). Since around 1970, aspen
has been in a period of general decline that is thought to be the result of wildfire
exclusion, which has allowed plant succession to proceed toward conditions that
ordinarily exclude aspen (Frey et al. 2004).

Quaking aspen may experience both gains and losses in a warmer climate,
depending on local site conditions. Aspen on warmer, drier sites could experience
high mortality because of increasing water deficit (Ireland et al. 2014). Sudden
aspen decline has been associated with prolonged drought, particularly in aspen
stands that are on the edge of its distribution (Frey et al. 2004). Stress complexes
with extreme weather (drought, freeze-thaw events), insect defoliation, and patho-
gens may be particularly damaging (Brandt et al. 2003; Marchetti et al. 2011), and
areas with high ungulate herbivory may have little regeneration. Increased fire fre-
quency, particularly on moist sites, will favor aspen regeneration in the future by
removing conifers. However, if future fires are severe, they may kill the shallow root
systems and eliminate aspen. Areas with mountain pine beetle-caused conifer mor-
tality may release aspen regeneration once the conifer canopy is thinned or removed,
assuming sufficient soil moisture is available.

5.2.16 Cottonwood (Populus spp.)

Black cottonwood (Populus trichocarpa) and narrowleaf cottonwood (P. angustifo-
lia) grow primarily on seasonally wet to moist, open-canopy sites, typically in ripar-
ian areas in the western portion of the Northern Rockies. Plains cottonwood
(P. deltoides) occupies similar habitat in eastern Montana and the Dakotas.
Cottonwood is very shade intolerant, and shade-tolerant conifers can encroach and
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become dominant in upland cottonwood forests (e.g., river and stream terraces). It
is also drought intolerant, and requires reliable access to the water table during the
growing season (Rood et al. 2003). Plains cottonwood is probably more resilient to
drought than the other species. High streamflows and deposition of alluvial sedi-
ments are required for seedling establishment, and all cottonwood species are pro-
lific producers of windborne seed. Cottonwood is mildly fire tolerant owing to thick
bark and high branches, but is a weak sprouter (Brown 1996). Although several
insects attack cottonwood, tent caterpillars (Malacosoma spp.) are the only impor-
tant foliar feeders. Many fungal species can cause decay. Black cottonwood is less
common today than it was historically.

In a warmer climate, lower snowpacks will alter streamflows, which may in turn
affect germination and establishment of young cottonwoods (Whited et al. 2007).
Any alteration of hydrologic flow regime will affect both floodplain interaction and
available water (Beschta and Ripple 2005). Effects on regeneration could be posi-
tive or negative, depending on the frequency and magnitude of flooding and alluvial
deposition. Higher human demands for water could also affect water supplies in
riparian areas. Some streamflow-floodplain interactions could result in a conversion
of streamside vegetation from cottonwood to upland species (Beschta and Ripple
2005). Plains cottonwood, which currently grows in more arid locations, may be
more persistent in a warmer climate because it tends to grow in finer-textured soils
that retain sufficient water.

5.2.17 Green Ash (Fraxinus pennsylvanica)

Green ash is restricted to the northern Great Plains, which is the northwestern edge
of its distribution. Typically found in riparian areas and floodplains, it is well-
adapted to climatic extremes and has been widely planted in the Plains states and
Canada. In the northern Great Plains, it grows best on moist, well-drained alluvial
soils, but is found in other topographic positions where some subsurface water is
available. Green ash is moderately shade tolerant in woody draws and is considered
an early-seral species. It can propagate vegetatively through stump sprouting, which
provides resilience to both mechanical damage from flooding and to occasional
wildfire (Lesica 2009). The species is relatively drought tolerant, although pro-
longed drought inhibits regeneration. Green ash stems are easily killed by fire, but
stumps of most size classes of green ash sprout readily after fire (Lesica 2009).
Some green ash communities on the western fringe of the northern Great Plains may
be declining compared to historical levels (Lesica 2001).

Green ash has a broad ecological amplitude and can survive low soil moisture,
but grows optimally on moist sites. In a warmer climate, marginal sites may become
less favorable for regeneration and survival of young trees. Higher temperatures
may increase ash growth, as long as sufficient water is available. Increased fire fre-
quency would reduce reproduction by seedlings although most mature trees would
persist through sprouting. Browsing pressure on green ash communities may
increase with increased drought, as upland grasses and forbs desiccate and senesce
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earlier, or are replaced by invasive, less palatable species. The biggest threat to ash
may be the non-native emerald ash borer (Agrilus planipennis), which is spreading
westward across North America and may reach the Northern Rockies within the
next decade.

5.3 Effects of Climate Change on Broader Vegetation
Patterns

The assessment of species vulnerabilities discussed above can be aggregated to
assess the vulnerability of broader vegetation assemblages to climate change
(Figs. 5.2 and 5.3). Understanding climate change response at this higher level is
critical because vegetation assemblages (groups of species) are the focus of most
forest management and restoration. The assessment below focuses on dominant
vegetation types used by the U.S. Forest Service (USFS) Northern Region.

Dry ponderosa pine/Douglas-fir forests, already located in dry regions, are
expected to have significant effects in a warmer climate. Some or all of the tree spe-
cies may expand into the mixed mesic forest type (next section), especially on south
slopes, as drought increases. Fire exclusion has resulted in forest densification and
accumulation of surface fuels that will likely support high-severity fires in future
decades (Keane et al. 2002). With increasing fire, much of this vegetation type could
see losses of Douglas-fir and increases in ponderosa pine. Dry Douglas-fir commu-
nities that are currently too cool to support ponderosa pine may support more pon-
derosa pine in the future.

Western larch mixed conifer forests, found in northern Idaho and northwestern
Montana, have been greatly altered from their historical structure. Fire exclusion,
coupled with climate change, will probably continue to reduce western larch and
increase the more shade-tolerant Douglas-fir, grand fir, and subalpine fir in some
areas. Continued fire exclusion will result in further accumulation of fuels, increas-
ing risk of high-severity fire. Western larch is not susceptible to the many insects
and diseases common in associated tree species, and is very fire tolerant. However,
this species dominates cooler, wetter topographic positions, and a warming climate
may constrain the distribution of larch to only north aspects and other microhabitats
capable of retaining sufficient water during the growing season (Rehfeldt and
Jaquish 2010). This vegetation type will be susceptible to climate-induced increases
in area burned by wildfire for the foreseeable future, unless stand structure and
landscape pattern can be managed to improve resilience to higher temperatures and
higher levels of disturbance.

Mixed mesic western white pine, cedar, hemlock, grand fir forests provide an
important context for assessing the effects of climate change. As moist forests expe-
rience climate change, competition among species will be dynamic at both small
and large spatial scales. A logical approach is to identify specific landscape compo-
nents that may respond in a coherent manner—north slopes vs. south slopes, side
slopes vs. valley bottoms, etc.—and how environmental niches change over time
and space. Species that require high soil moisture (hemlock, redcedar) may over
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time become less common, with drought tolerant species such as Douglas-fir and
ponderosa pine becoming more common (Graham 1990). The frequency and mag-
nitude of disturbance, especially fire, will determine composition and structure in
these forests. In the short term, we expect more and larger crown fires. In the long
term, we expect that frequent fire will favor fire-resistant tree species, maintain a
more open forest structure, and maintain younger age classes.

Lodgepole pine mixed subalpine forests, located at high elevations along and east
of the Continental Divide, are expected to have relatively low vulnerability to cli-
mate change, depending on if and how disturbance is altered. Productivity of subal-
pine species may increase in a warmer climate, provided that sufficient water is
available during the growing season. Species composition may shift slightly, but
lodgepole pine, subalpine fir, and quaking aspen will probably still dominate high
mountain landscapes for the foreseeable future. Mountain pine beetle outbreaks
may become increasingly chronic in a warmer climate, at least in the next few
decades, and may continue to reduce the dominance of old lodgepole pine stands. If
wildfire is not excluded from this forest type, composition and structure will gener-
ally be more resilient to climate change.

Whitebark pine mixed upper subalpine forests will respond more to whitebark
pine mortality from white pine blister rust than to climate change, with significant
changes in forest composition and structure. Over the last 40 years, whitebark pine
has become a minor component of this forest type in many parts of the western
Northern Rockies because of blister rust, allowing subalpine fir to become domi-
nant. Recent fires in the upper subalpine zone have reset succession to early-seral
stages of shrub and herbaceous communities, but whitebark pine regeneration levels
are low because of low population levels (Retzlaff et al. 2016), keeping burned areas
in the shrub/herb stage for long periods. We expect that species dominance will
continue to shift to subalpine fir, Engelmann spruce, and lodgepole pine. Many
Northern Rockies wilderness areas have lands above the elevations at which this
forest type occurs, so there are potential areas for range expansion. Some wildfire is
needed to create conditions in which whitebark pine can become established and
grow to maturity, but if fires are too severe, they will kill the pines needed to provide
seeds for regeneration. Planting with rust-resistant trees will be needed to ensure the
persistence of whitebark pine in this forest type.

5.4 Natural Resource Issues and Management

5.4.1 Landscape Heterogeneity

High landscape heterogeneity creates diverse biological structure and composition
that are considered more resilient and resistant to disturbances (Cohn et al. 2015).
For example, the effects of mountain pine beetle outbreaks are less severe in land-
scapes with diverse age structures of host tree species (Schoettle and Sniezko 2007).

jhalo@uw.edu



5 Effects of Climate Change on Forest Vegetation in the Northern Rockies 81

Heterogeneous landscapes also promote population stability, because fluctuations
in plant and animal population are less when landscape structure is diverse (Turner
et al. 1993). Heterogeneous landscapes may also have more corridors, buffers, and
refugia for wildlife and plant migration.

During the past 100 years, land management practices have altered the temporal
and spatial characteristics of Northern Rockies landscapes. Timber management has
modified patch shape and structure at lower elevation, and fire exclusion has changed
patch size and diversity. Fire exclusion has in many cases created landscapes with
large contiguous patches of old, dense stands with high fuel accumulations (Keane
et al. 2002), although some areas with frequent disturbance are also homogeneous
compared to pre-settlement forests. Many forests currently in late-seral conditions
have low vigor and high fuel accumulations, making them susceptible to insects and
disease and to the risk of severe wildfire.

Many lower-elevation forests in the Northern Rockies have less ability to buffer
potential climate change effects because of high stand densities and dominance by
shade-tolerant species. However, many higher-elevation forests, especially in the
subalpine zone, have species composition and structure similar to what they were
historically. Although recent wildfires, restoration activities (thinning, prescribed
burning), and timber harvest have helped return some heterogeneity, most land-
scapes are outside their historical range and variability (HRV) in landscape structure
(Box 5.1). This is a significant impediment to improving resilience to the stresses
expected from climate change.

Landscape heterogeneity may increase if climate-mediated changes in distur-
bance regimes increase (Funk and Saunders 2014). Wildfire area burned and moun-
tain pine beetle outbreaks have increased over the past 20 years, in some cases
replacing late-seral forests with younger forests with more diverse structure.
Continued increases in disturbances (Marlon et al. 2009; Bentz et al. 2010) might
balance any loss of biodiversity with gains in landscape heterogeneity (Kappelle
et al. 1999).

Large wildfires that will inevitably burn Northern Rockies landscapes may create
large patches of homogeneous post-burn conditions (Flannigan et al. 2005, 2009),
or may result in semi-permanent shrublands and grasslands in areas too dry for
rapid conifer establishment (Fulé et al. 2004). However, post-fire heterogeneity var-
ies considerably across large landscapes (Keane et al. 2008), and the extent of wild-
fires will almost certainly overwhelm any patterns created by land management.

Using HRV of landscape characteristics is a straightforward approach for mak-
ing most forests more resilient to climate change (Keane et al. 2009; Keane 2013)
(Box 5.1). Although HRV may not represent future conditions, it represents land-
scape conditions that have proven durable for centuries to millennia (Landres et al.
1999). HRV can be initially used as a reference for restoration (Keane et al. 2015a),
then ecological models can be used to project future range of variability for a par-
ticular forest location (Keane 2012).
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Box 5.1 Using Historical Range and Variability to Assess and Adapt to
Climate Change

To effectively implement ecosystem-based management, land managers often
find it necessary to identify a reference or benchmark to represent the condi-
tions that describe fully functional ecosystems. Contemporary conditions can
be evaluated against this reference to determine status, trend, and magnitude
of change, and to design treatments that provide ecosystem services while
returning declining ecosystems to a more sustainable condition. Reference
conditions are assumed to represent the dynamic character of ecosystems and
landscapes, varying across time and space.

The concept of historical range and variability (HRV) was introduced in
the 1990s to describe past spatial and temporal variability of ecosystems, thus
providing a foundation for planning and management. HRV has sometimes
been equated with “target” conditions, although targets can be subjective and
somewhat arbitrary, representing only one possible situation from a range of
potential conditions.

HRV represents a historical envelope of possible ecosystem conditions—
burned area, vegetation cover type area, patch size distribution—that can pro-
vide a time series of reference conditions. This assumes that (1) ecosystems
are dynamic, and their responses to changing processes are represented by
past variability; (2) ecosystems are complex and have a range of conditions
within which they are self-sustaining, and beyond this range they transition to
disequilibrium; (3) historical conditions can serve as a proxy for ecosystem
health; (4) time and space domains that define HRV are sufficient to quantify
observed variation; and (5) ecological characteristics assessed for ecosystems
or landscapes match the management objective.

The use of HRV has been challenged because a warmer climate may per-
manently alter the environment of ecosystems beyond what was observed
under historical conditions, particularly altered disturbance processes, shifts
in plant species distribution, and hydrologic dynamics. However, a critical
evaluation of possible alternatives suggests that HRV is still a viable approach
in the near term, because it has relatively lower uncertainty than methods that
predict future ranges of variability.

An alternative to HRV is projecting future range and variability (FRV)
for landscapes under changing climates, using empirical and mechanistic
models. However, the range of projections for future climate from global cli-
mate models may be greater than the variability of climate over the past three
centuries. This uncertainty increases when projected responses to climate
change through technological advances, behavioral adaptations, and popula-
tion growth are included. Moreover, variability of climate extremes, which
will drive most ecosystem response to climate-mediated disturbance and plant
dynamics, is difficult to project. Uncertainty will increase as climate projec-
tions are extrapolated to the finer scales and longer time periods needed to
quantify FRV for landscapes.
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Given these cumulative uncertainties, time series of HRV may have lower
uncertainty than simulated projections of future conditions, especially because
large variations in past climates are already captured in the time series. It may
be prudent to wait until simulation technology has improved enough to create
credible FRV landscape pattern and composition, a process that may require
decades. In the meantime, attaining HRV would be a significant improvement
in functionality of most ecosystems in the Northern Rockies, and would be
unlikely to result in negative outcomes from a management perspective. As
with any approach to reference conditions, HRV is useful as a guide, not a
target, for restoration and other management activities.

5.4.2 Timber Production

Approximately 22,000 km? of forested lands are currently managed for timber in
the USFS Northern Region, reflecting a large decrease over the past 30 years.
Species composition of timber harvests has fluctuated, with harvest following tree
mortality caused by disturbance agents such as mountain pine beetle (lodgepole
pine), spruce beetle (Engelmann spruce), white pine blister rust (western white
pine), root disease (Douglas-fir, grand fir), and wildfire (several species). The cur-
rent amount of land in each of the major species in lands suitable for timber produc-
tion is ponderosa pine (6%), dry Douglas-fir (13%), lodgepole pine (27%), western
larch (6%), subalpine fir and Engelmann spruce (12%), and mixed western white
pine, grand fir, western hemlock, moist Douglas-fir and western redcedar (35%).

Recent harvests in mixed mesic forest are removing grand fir, Douglas-fir and
western hemlock, and replanting western white pine, western larch and ponderosa
pine. Other harvests involve removal of lodgepole pine and replanting of western
larch. Thinning in ponderosa pine and dry Douglas-fir forests is also common. In
eastern Montana and the Greater Yellowstone Area, harvesting has focused on
beetle-killed lodgepole pine and ponderosa pine. Commercial and restoration thin-
ning in ponderosa pine and dry Douglas-fir is also common.

A large amount of forested lands suitable for timber harvest is in mesic montane
and subalpine forests, where productivity may increase in a warmer climate (Aston
2010), potentially leading to higher timber value. However, these forests could also
become denser, less productive for timber, and more susceptible to insects and dis-
ease, especially in the absence of fire or active management (Joyce et al. 2008). In
the future, harvesting timber from mature stands might be a race against losses from
disturbance agents (Kirilenko and Sedjo 2007). Simply having more fire and smoke
across the landscape in the future will limit access and opportunities for timber
harvest.

It is essential that ecological principles be used to design harvest treatments to
ensure that future forests are resilient to a warmer climate while continuing to pro-
vide a sustainable source of wood. Multiple resources and ecosystem services will
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need to be considered as well, including residual fuel loadings, soil fertility, water
quality, wildlife habitat, and fisheries habitat. Some practices that confer resilience
for a particular resource may conflict with other objectives, requiring interdisciplin-
ary planning to find optimal solutions.

5.4.3 Carbon Sequestration

Storage of carbon in (living and dead) biomass and in soils to reduce and defer car-
bon emissions into the atmosphere is an increasingly important consideration in
forest management. Forests in the United States currently offset about 15% of
annual U.S. carbon emissions. Size and persistence of forest carbon sinks depend on
land management, vegetation composition and structure, and disturbance processes.
Although long intervals between disturbance events allow carbon to accumulate for
long periods of time, probability of disturbance increases with time (Loehman et al.
2014). Disturbance-prone forests will eventually emit stored carbon, regardless of
management intervention, and net carbon balance is near zero over long time peri-
ods and large landscapes—unless changes in ecosystem structure and function
occur.

This means that (1) disturbance-prone systems cannot be managed to increase
stored carbon over historical amounts without limiting disturbance, and (2) shifts in
vegetation abundance and distribution will alter spatial patterns of carbon storage.
Therefore, expectations for carbon storage need to be developed in the context of
climate change effects on vegetation, disturbance, and their interactions.

In general, expected increases in wildfire and other disturbances in the Northern
Rockies will make it extremely difficult to maintain forest carbon storage at or
above historical levels. Potential for future carbon storage can be assessed as
follows:

* Is it reasonable to expect the system to accumulate carbon over historical levels,
if the frequency, severity, and magnitude of disturbance events increases?

* What are appropriate temporal and spatial scales over which to measure carbon
storage?

e Can potential future disturbance events be managed? Will it be possible to sup-
press or exclude wildfires, and at what economic or ecological costs?

e Can the effects of additional stressors (drought, invasive species, etc.) be miti-
gated to help maintain existing vegetation?

* Are future climatic conditions conducive to persistence of forests, or will condi-
tions be inhospitable for current species?

* Do carbon accounting methods assess benefits of natural disturbance processes
in carbon-equivalent units that can be weighed against carbon losses?

These are challenging questions that need to be informed by empirical data, eco-
system modeling, and future monitoring to incrementally improve our understand-
ing of ecological drivers and responses to disturbance (Loehman et al. 2014).
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Monitoring data can also be used to calibrate, validate, and provide input to models.
Models can be used to simulate emergent environmental patterns, compare effects
of potential treatments, and identify vulnerable landscapes or ecosystem
components.

5.5 Adapting Forest Vegetation and Management to Climate
Change

Adaptation to climate change can be defined as initiatives and measures to reduce
the vulnerability of natural and human systems against actual or expected climate
change effects (IPCC 2007). Most land managers have the tools, knowledge, and
resources to begin to address climate change, which requires considering new
issues, spatial scales, timing, and prioritization of efforts beyond a steady-state
worldview (Swanston and Janowiak 2012).

Risk management is a key component of adaptation, prioritizing actions based on
the magnitude and likelihood of climate change effects on resource vulnerability.
Adaptive management provides a decision-making framework that maintains flexi-
bility and incorporates new knowledge and experience over time. No-regrets actions
focus on low-risk implementation of projects that could produce multiple benefits,
regardless of climate change implications (e.g., removal of invasive species). Triage
is sometimes needed in situations where vulnerability is high and immediate action
is needed (e.g., a species facing extirpation). Accomplishing multiple objectives is
often possible where an adaptation action also provides benefits for other resource
objectives (e.g., riparian restoration, fuel treatments). Addressing uncertainty is a
necessary component for adaptation, as for most resource planning, guiding the
scope and timing of implementation.

A workshop process was used to identify adaptation options for all resources in
the Northern Rockies, including vegetation. Teams of resource specialists and sci-
entists reviewed climate change scenarios and a recent scientific assessment of the
effects of climate change on vegetation. In response, they developed adaptation
strategies (overarching, general) and adaptation tactics (specific, on the ground)
within each strategy. These strategies and tactics, intended to guide both short- and
long-term planning and management, were required to be feasible with respect to
budget and level of effort, and to be acceptable within current policies.

5.5.1 Adaptation Strategies and Tactics

Of the many adaptation options identified for forest vegetation in the Northern
Rockies (Halofsky et al. 2017), the major ones are summarized in Table 5.3. Many
of the adaptation options are focused on protecting forests from and building
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Table 5.3 Climate change adaptation options and restoration potential for tree species in the

Northern Rockies

Additional management

Species Primary adaptive tactics | Restoration potential | recommendations

Ponderosa pine | Restore fire to Moderate to high. Reduce Douglas-fir in
historically fire- Reintroduce fire in fire-excluded stands;
dominated stands; fire-excluded stands | remove competition with
reduce fuel loadings to as the first step; then | thinning and prescribed
mitigate uncharacteristic | identify where to burns; monitor lower
fire severities; use HRV | plant in the future. treeline in SW Montana
to guide restoration and central Idaho.
treatments.

Douglas-fir Reduce competition and | Moderate to high. Change species

increase vigor; maintain
low stem density;

replace Douglas-fir with
other species where root

Mitigate effects of
fire exclusion era as
the first step;
reintroduce fire if

composition on sites
where root disease and
soil moisture deficits will
increase; focus planting

disease is a concern; possible (difficult in | on higher elevation, mesic
emphasize ponderosa cool, dry sites.
pine in low-elevation dry | environment).
forests.
Western larch | Restore declining larch Moderate to high in Remove shade-tolerant

stands; prioritize
treatments on north
aspects and ash-cap
soils; reduce
competition; manage
larch intensively on xeric
sites; reduce stand
density.

Western Rockies.
Moderate in Central
Rockies.

species using group
selection and thinning;
prioritize planting options
on north slopes; use
genetic stock with best
adaptive traits for drought
and moisture stress.

Western white
pine

Promote propagation of
genotypes with
resistance to white pine
blister rust

Moderate in Western
Rockies. Low to
moderate in Central
Rockies.

Increase planting of
genotypes that have
resistance to blister rust;
thin dense stands to
increase vigor of young
pines

Grand fir Ensure landscape High in Western and | Invest in restoration only
heterogeneity; ensure Central Rockies. if the species is declining
age-class structure is locally.
near HRV.

Western Ensure landscape High in Western and | Invest in restoration only
redcedar heterogeneity; maintain | Central Rockies. if the species is declining
age-class diversity. locally.

Western Ensure landscape High in Western and | Invest in restoration only
hemlock heterogeneity; maintain | Central Rockies. if the species is declining
age-class diversity. locally.

Lodgepole Manage for mixed age Moderate to high. Allow wildfires to burn

pine classes and successional where possible.

stages that approximate
HRV.

jhalo@uw.edu

(continued)



5 Effects of Climate Change on Forest Vegetation in the Northern Rockies 87

Table 5.3 (continued)

Species

Primary adaptive tactics

Restoration potential

Additional management
recommendations

Limber pine

Promote white pine
blister rust resistance
while preserving genetic
diversity; monitor

Low to moderate.
Most actions should
increase rust
resistance in native

Implement rust-resistance
programs; identify
superior genotypes;
collect cones and

mortality rates and populations. determine rust resistance;

distribution; determine map limber pine

effects of fire exclusion. populations to identify
stands established before
and after fire exclusion.

Subalpine fir Use wildfire suppression | High. Invest in restoration only

to reduce species loss if the species is declining

locally. locally.

Engelmann Use wildfire suppression | Mostly high, but Invest in restoration only
spruce to reduce species loss moderate in if the species is declining
locally; plant selectively | low-elevation wet locally.

where populations are sites.
declining.
Mountain Use wildfire suppression | Moderate to high in Monitor to ensure the
hemlock to reduce species loss Western and Central | species is not locally
locally. Rockies. extirpated.
Alpine larch Preserve genetic Low to moderate. Monitor changes in alpine
diversity by collecting larch populations.
and storing seed.
Whitebark pine | Follow strategies in Low to moderate Protect rust-resistant,

Keane et al. (2012);

because of stress

high-vigor trees;

promote propagation of | imposed by blister implement prescribed fire
genotypes with rust. and mechanical cuttings
resistance to white pine to reduce competition;
blister rust; conserve plant and direct-seed
genetic diversity; rust-resistant seedlings on
prioritize treatments at burns and treated areas;
high elevation. use hardy, drought-
tolerant seedlings.
Quaking aspen | Restore quasi-historical Moderate. Plant aspen where now
fire regimes; prioritize absent but once existed;
areas where aspen already ensure diversity of age
exists, even if at lower classes and seral stages
than historical levels. across landscapes.
Cottonwood Encourage high Moderate to high. Prioritize the most mesic
variability in sites first; allow fire to
streamflows to increase burn in areas that are not
seedling establishment; too dense; remove
reduce competition. competing conifers.
Green ash Reduce grazing; use fire | High in Eastern Plant ash in recently
suppression and planting | Rockies and burned areas where it
to promote ash Grassland. recently existed.

populations in areas with
low populations.
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resilience to severe disturbance, primarily wildfire. For example, promoting
disturbance-resilient forest structure and species is a key adaptation strategy that
guides management of vegetation and other resource areas in the Northern Rockies.
Thinning and prescribed fire can be used to reduce forest density and promote
disturbance-resilient species. Disturbance-resilient species can also be planted.
Managers recognize the importance of promoting and planting site-adapted species,
specifically western larch and western white pine on moist sites, ponderosa pine on
dry sites, Douglas-fir on dry sites, and lodgepole pine on sites that are difficult to
regenerate.

Preparing for disturbance will also be important in a changing climate. Tree
regeneration after severe fire may be more limited in the future if drought frequency
increases. Promoting legacy trees of disturbance-resilient species may help to
increase postfire regeneration. Managers may also want to increase seed collection
and ensure that adequate nursery stock is available for post-disturbance planting.

Promoting species diversity, genetic diversity, and landscape diversity is also a
critical adaptation strategy. Increasing diversity is a “hedge your bets” strategy that
reduces risk of major forest loss. Areas with low species and genetic diversity will
probably be more susceptible to stressors associated with climate change, so pro-
moting species and genetic diversity, through plantings and in thinning treatments,
will increase forest resilience to changing climate. Promoting landscape heteroge-
neity, in terms of species and structure, will also increase resilience to wildfire,
insects, and disease.

Managers identified several ways to increase knowledge and manage in the face
of uncertainty. Implementation of an adaptive management framework can help
address uncertainty and adjust management over time. In the context of climate
change adaptation, adaptive management involves: definition of management goals,
objectives and timeframes, analyzing vulnerabilities, determining priorities, devel-
oping adaptation strategies and tactics, implementing plans and projects, and moni-
toring, reviewing, and adjusting (Millar et al. 2014). Development of a consistent
monitoring framework that can capture ecosystem changes with shifting climate is
a key component of the adaptive management framework. For example, tracking
tree species regeneration and distribution will help managers determine how species
are responding to climatic changes and how to adjust management accordingly
(e.g., guidelines for planting). Integration between research and management and
across resource areas (e.g., forest management and wildlife) will also be needed in
implementation of the adaptive management framework to ensure that management
approaches do not conflict (e.g., which effects will a particular thinning treatment
have on wildlife?).

Managers also identified adaptation strategies and tactics to maintain particular
species or community types of concern. For example, climate change will probably
lead to increased whitebark pine mortality through white pine blister rust, mountain
pine beetle activity, and wildfire. To promote resilient whitebark pine communities,
managers may want to focus restoration efforts on sites less likely to be affected by
climate change (refugia). A variety of management strategies can be implemented
to promote whitebark pine, including fire management, planting at lower elevations,
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and removing other dominant species (e.g., lodgepole pine, spruce, and fir).
Genetically selected seedlings can also be planted to promote blister rust
resistance.

Because stressors associated with climate change will be spatially pervasive, it
will be important for agencies to coordinate and work across boundaries. Agencies
can coordinate by aligning budgets and priorities for programs of work, communi-
cating about projects adjacent to other lands, and working across boundaries to
maintain roads, trails, and access that will be more frequently impacted by fire and
flood events under changing climate.
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Chapter 6
Effects of Climate Change on Rangeland
Vegetation in the Northern Rockies

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

Abstract A longer growing season with climate change 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 produc-
tivity of some species. In many cases, increasing wildfire frequency and extent will
be damaging for big sagebrush and other shrub species that are readily killed by fire.
The widespread occurrence of cheatgrass and other nonnatives facilitates frequent
fire through annual fuel accumulation. Shrub species that sprout following fire may
be quite resilient to increased disturbance, but may be outcompeted by more drought
tolerant species over time.

Adaptation strategies for rangeland vegetation focus on increasing resilience of
rangeland ecosystems, primarily through non-native species control and prevention.
Ecologically based non-native plant management focuses on strategies to repair
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damaged ecological processes that facilitate invasion, and seeding of desired natives
can be done where seed availability and dispersal of natives are low. Proactive man-
agement to prevent establishment of non-native 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 mainte-
nance and enhancement of plant health.

Keywords Rangelands ° Vulnerability ¢ Climate change ¢ Nonnative plants °
Adaptation * Sagebrush * Woodlands ¢ Grasslands ¢ Shrublands

6.1 Introduction

Rangelands, including grassland, shrubland, desert, alpine, and some woodland
ecosystems, are dominated by grass, forb, or shrub species (Lund 2007). Rangelands
occupy more than 26 million hectares in the Northern Rockies (Reeves and Mitchell
2011), producing forage for domestic and wild ungulates, providing critical habitat
for numerous species such as greater sage-grouse (Centrocercus urophasianus), and
providing many recreational opportunities.

Climate change, combined with residential development, energy development,
and invasive (nonnative) species (e.g., cheatgrass, wild horses and burros), create a
significant challenge for resource managers charged with ensuring sustainability of
ecosystem services. The effects of climate change on rangelands have been studied
less than effects on forests, but the effects of (past and future) human land-use activ-
ities on rangelands will probably exceed those of climate change, at least in the
short term. This assessment focuses on regeneration success, response to distur-
bance (especially wildfire), and life history traits in rangelands, rather than on
explicit estimates of future land-use change. The focus on life history traits com-
bined with the concepts of resilience and resistance can help with understanding the
effects of climate change. Resilience is the capacity of ecosystems to regain struc-
ture, processes, and function in response to disturbance (Holling 1973; Allen et al.
2005), whereas resistance is the capacity to retain these attributes in response to
disturbance (Folke et al. 2004). These concepts are especially helpful for under-
standing establishment of nonnative plants and interactions between climate change
stressors (Chambers et al. 2014), as demonstrated in Fig. 6.1, which shows that
management for ecosystem services derived from rangelands will be most effective
in mesic rangelands.
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Fig. 6.1 Resilience to disturbance (a) and resistance to cheatgrass (b) over a typical temperature/
precipitation gradient in cold desert (modified from Chambers et al. 2014). Dominant ecological
sites range from Wyoming big sagebrush on warm, dry sites (/eft); to mountain big sagebrush on
cool, moist sites (middle); to mountain big sagebrush and root-sprouting shrubs on cold, moist
sites (right). Resilience increases along the temperature/precipitation gradient, influenced by site
characteristics (e.g., aspect). Resistance also increases along the gradient, influenced by distur-
bances and management treatments that alter vegetation structure and composition. ARTRw
Wyoming big sagebrush (Artemisia tridentata ssp. wyomingensis); ARTRv mountain big sagebrush
(A. tridentata ssp. vaseyana), SYOR mountain snowberry (Symphoricarpos oreophilus)

6.2 Rangeland Vegetation

This assessment focuses on vegetation types and individual species for which suf-
ficient information and data exist to make inferences about the effects of climate
change. First, we reviewed the extent of rangelands in the Northern Rockies and
generally confined analysis to U.S. Forest Service (USFS) rangelands (Reeves and
Mitchell 2011) in the Northern Rockies. We determined that the complexity of
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rangeland vegetation, combined with a paucity of climate change effects studies,
suggests that a grouping of individual vegetation types into classes is appropriate.
Therefore, we assessed the following vegetation classes:

* Northern Great Plains—This vegetation class is broadly distributed, including a
mixture of cool-season (C3) and warm-season (C4) grass species.

* Montane shrubs—Includes a broad diversity of shrub species, many of which are
important for browsing by native ungulates.

* Montane grasslands—This relatively scarce vegetation class is dominated by
cool-season species, often intermixed with forest vegetation.

e Sagebrush systems—Dominated by species in the genus Artemisia, this is a
ubiquitous and iconic vegetation class in much of the western United States,
providing critical wildlife habitat for many species, including greater
sage-grouse.

Sagebrush systems dominated by big sagebrushes (Wyoming big sagebrush
[Artemisia tridentata ssp. wyomingensis], mountain big sagebrush [A. t. ssp. vasey-
ana], and basin big sagebrush [A. t. ssp. tridentata]) have been widely studied, at
least partially as a result of recent research on sage-grouse habitat. Therefore, infer-
ences about the vulnerability of these sagebrush species to climate change is sup-
ported by relatively more information than for other species. Four sagebrush types
were delineated for this assessment: big sagebrushes (Wyoming big sagebrush,
basin big sagebush), low sagebrushes (low sagebrush [A. arbuscula], black sage-
brush [A. nova]), sprouting sagebrushes (silver sagebrush [A. cana], three-tip sage-
brush [A. tripartita]), and mountain big sagebrush.

Wyoming and basin big sagebrush types were aggregated because they have
similar life histories, stature, and areal coverage in the Northern Rockies, and
because they represent critical habitats for many species of animals. Basin big sage-
brush occupies sites with relatively deeper soils that retain sufficient moisture for
perennial bunchgrasses, suggesting these sites may be more resilient and resistant to
adrier climate (Chambers et al. 2007). Silver sagebrush and three-tip sagebrush can
resprout after fire, making them unique among the sagebrush species. Communities
dominated by Wyoming big sagebrush are by far the most common and occupy the
most area (Table 6.1), whereas the low sagebrush type occupies the least. Although
basin and Wyoming sagebrush are common throughout the Northern Rockies,
mountain big sagebrush communities occupy the greatest extent on lands managed
by the USFS.

6.3 Management Issues

Fire regimes, improper grazing, and nonnative species are concerns for rangeland
management in the Northern Rockies. Uncharacteristic fire regimes threaten most
rangeland habitats, especially sagebrush steppe, across much of the western United
States. On one hand, “too much fire” may affect the landscape relative to historical
fire regimes, because many sagebrush habitats now have shortened fire return
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Table 6.1 Area of rangeland vegetation classes in each Northern Rockies subregion

Area Proportion

Subregion Rangeland vegetation classes Hectares Percent

Western Rockies Montane grasslands 241,531 344
Montane shrubs 120,658 35.7
Sagebrush systems 144,912 29.9
Total 507,101

Central Rockies Montane grasslands 342,177 43.6
Montane shrubs 70,407 18.6
Sagebrush systems 205,334 37.8
Total 617,918

Eastern Rockies Montane grasslands 297,751 13.5
Montane shrubs 132,861 12.5
Northern Great Plains (C3/C4 89,514 5.9
mix)
Sagebrush systems 1,040,907 68.2
Total 1,561,033

Greater Yellowstone area | Montane grasslands 222,282 6.1
Montane shrubs 150,336 8.5
Northern Great Plains (C3/C4 18,554 0.7
mix)
Sagebrush systems 2,140,008 84.7
Total 2,531,180

Grassland Montane grasslands 543,840 1.8
Montane shrubs 107,740 0.7
Northern Great Plains (C3/C4 16,674,787 80.6
mix)
Sagebrush systems 3,474,994 16.8
Total 20,801,361

All subregions total 26,018,593

intervals, resulting in increasing dominance of nonnative invasive annual grasses
that create fuel conditions that facilitate more frequent combustion (Chambers et al.
2007). On the other hand, fire exclusion has led to longer fire return intervals that
may be responsible for conifer encroachment in montane grasslands (Arno and
Gruell 1986) and higher elevation sagebrush habitats, especially those dominated
by mountain big sagebrush (Heyerdahl et al. 2006) (Fig. 6.2).

The nonnative invasive species of greatest concern is cheatgrass (Bromus tecto-
rum), although Japanese brome (B. japonicus) and leafy spurge (Euphorbia esula) are
also problems in the Northern Great Plains. Distribution of cheatgrass has expanded
greatly in the western half of the Northern Rockies (Ramakrishnan et al. 2006; Merrill
etal. 2012), and it is likely that further expansion may be enhanced by elevated atmo-
spheric CO, concentrations, increased soil disturbance, and increasing spring and
winter temperatures (Chambers et al. 2014; Boyte et al. 2016; Bradley et al. 2016).

Improper grazing—the mismanagement of grazing that produces detrimental
effects on vegetation or soil resources—can create additional stress in some range-
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Fig. 6.2 Establishment of ponderosa pine (Pinus ponderosa) and other conifers in montane grass-
land dominated by rough fescue

lands, accelerating the annual grass invasion/fire cycle, especially in some sagebrush
types, the Northern Great Plains, and montane grasslands. Fortunately, most U.S.
rangelands are not improperly grazed to the point of degradation (Reeves and
Mitchell 2011; Reeves and Baggett 2014), a generalization that is true for most
rangelands in the Northern Rockies.

6.4 Assessing the Effects of Climate Change on Rangelands

Despite the lack of focused studies on the effects of climate change on rangeland
vegetation and the large uncertainty of projected climates, there are a few elements
of climate change that are increasingly recognized as potential outcomes. First, pro-
jected temperature increases (Chap. 2) are expected to increase evaporative demand
and pose greater overall stress (Polley et al. 2013). Projected changes in precipita-
tion patterns and increasing potential evapotranspiration could facilitate more fre-
quent wildfires through the combined effects of early-season plant growth and the
desiccating effects of warmer summers (Morgan et al. 2008). These changes will
lead to drier soils, particularly in summer when plants are physiologically active
(Polley et al. 2013; Bradford et al. 2014; Palmquist et al. 2016a, b). However, winter
precipitation is projected to increase 10-20% in the Northern Rockies (Chap. 2),
which may compensate for increasing droughts. In addition, higher atmospheric
CO, may offset evaporative demand by increasing water use efficiency in plants.
Relative to much of the rest of the United States, the Northern Rockies could experi-
ence an increase in annual net primary productivity (NPP) (Fig. 6.3), partially as a
result of the likely increase in water use efficiency and increased growing season
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Fig. 6.3 Mean slope of linear regression for the net primary productivity trend for low (B2), mod-
erate (A1B), and high (A2) emission scenarios (global climate models averaged: GCGM2,
HadCM3, CSIRO, MK2, MIROC3.2) (a), and standard deviation of the mean slope of linear regres-
sion of the net primary productivity trend for the same scenarios (b) (From Reeves et al. 2014)

length (Reeves et al. 2014). Removal of growth limitations could result in signifi-
cant changes in vegetation at higher elevations, such as the Greater Yellowstone
Area. Higher NPP may seem counterintuitive because increased temperatures are
associated with higher moisture stress and less favorable growing conditions.
However, it is reasonable that high-elevation vegetation may experience increased
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production with increasing temperatures (Reeves et al. 2014), especially relatively
mesic areas supporting mountain sagebrush. Increased atmospheric CO, concentra-
tions may modify physiological growth processes in rangeland vegetation by
enhancing water use efficiency, but response may not be consistent across all vege-
tation (Morgan et al. 2004b, 2011; Woodward and Kelly 2008).

Warmer winters and decreasing snowpack may have a significant effect on the
distribution and abundance of different plant species. Minimum temperatures are
expected to increase more than maximum temperatures, providing longer frost-free
periods (Chap. 2). Warmer, wetter winters would favor early-season plant species and
tap-rooted species that are able to access early-season soil water (Polley et al. 2013).

6.4.1 Montane Grasslands

Montane grasslands are associated with mountainous portions of the Northern
Rockies, including the Palouse prairie and canyon grasslands of northern and cen-
tral Idaho. Montane grasslands occur in intermountain valleys, foothills, and moun-
tain slopes from low to relatively high elevation. They are dominated by cool-season
(C3) grasses, many forbs, upland sedges, and scattered trees in some areas. 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 (A. richardsonii).

Most grasslands, particularly at lower elevations, are disturbed, fragmented, and
often occupied by nonnative plant species. Improper livestock grazing, native ungu-
late herbivory, and nonnative plants are stressors in these grasslands. Lack of fire is
also a stressor, because it can allow conifers to become established within grasslands
(Arno and Gruell 1986; Heyerdahl et al. 2006). As conifer density increases with fire
exclusion, grass cover declines, because most grassland species are shade intolerant.
However, if fires become hotter and more frequent, there is an increased risk of mor-
tality of native species and invasion by nonnative species (Ortega et al. 2012). As
noted above, cheatgrass creates continuous fine fuels that are combustible by early
summer; if fire occurs at this time, it can burn native perennial grasses before they
have matured and set seed (Chambers et al. 2007; Bradley 2008). Several other non-
native species can also increase after fire, reducing native plant cover.

Nonnative plant species will probably expand in lower elevation grasslands as
temperature increases, resistance to invasion decreases (Chambers et al. 2014), and
disturbance increases (Bradley 2008). Drier conditions plus ungulate effects (graz-
ing, browsing, hoof damage) may increase bare ground and possibly surface soil
erosion. Low-elevation grasslands may have increasing dominance of more drought-
tolerant species, such that cool-season species decline and warm-season species
expand (Bachelet et al. 2001). However, elevated CO, favors C3 grasses and
enhances biomass production, whereas warming favors C4 grasses (Morgan et al.
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2004a, 2007). Therefore, a warmer and drier climate may allow C4 grasses to
expand westward, displacing some C3 species. In general, a warmer climate with
more frequent fires will favor increasing dominance of grasslands across the land-
scape, in some cases displacing shrublands and conifers that are burned too fre-
quently to regenerate successively.

6.4.2 Montane Shrubs

Montane shrubs are associated with montane and subalpine forests, occurring as
large patches within forested landscapes. Rocky Mountain maple (Acer glabrum),
oceanspray (Holidiscus discolor), tobacco brush (Ceanothus velutintis var. veluti-
nus), 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 in locations where disturbance kills aboveground stems,
with subsequent sprouting from the root crown, rhizomes, and roots where adequate
light and soil moisture are available. Fire exclusion, conifer establishment, and
browsing by native and domestic animals are significant stressors. Most mesic
shrubs are well adapted to frequent fire and can often compete well with associated
conifers. However, even sprouting shrubs can sometimes be killed if fires are very
hot and postfire weather is dry.

Drier soils and increased fire frequency may facilitate increasing dominance of
more drought tolerant species such as rubber rabbitbrush (Ericameria nauseosa),
green rabbitbrush (Chrysothamnus viscidiflorus), and spineless horsebrush
(Tetradymia canescens). Nonnative plant species may also expand into these com-
munities, particularly following fire (Bradley 2008). Some mesic shrub species
(e.g., Sitka alder, Rocky Mountain maple) may persist at higher elevations or in
cooler, moister locations (e.g., north aspects, concavities).

6.4.3 Short Sagebrushes

Low sagebrush ecosystems cover only about 1% of total sagebrush habitat in the
Northern Rockies, half of which is in the Western Rockies subregion. Low sage-
brush sites have relatively low productivity, and are located between 1800 and
2700 m elevation in Montana and Idaho, occupying shallow claypan soils that
restrict drainage and root growth. Black sagebrush is found on shallow, dry, infertile
soils. Stressors include nonnative species and improper use by livestock.

Low and black sagebrush have a more limited distribution than other sagebrush
species and depend on seeding for regeneration, so their distribution could be fur-
ther restricted in a warmer climate, resulting in a patchier mosaic of remnant com-

jhalo@uw.edu



106 M.C. Reeves et al.

munities (West and Mooney 1972). Several traits make low sagebrush sensitive to
climate change, including high mortality in the first year of growth (Shaw and
Monsen 1990), which may be exacerbated if erosion increases from drought-
induced reductions of plant cover. If unfavorable conditions for seeding persist fol-
lowing disturbance, low sagebrush may disappear from some sites, especially if
annual grasses increase at the same time.

Increased fire will have negative consequences for low and black sagebrush,
which are intolerant of fire and do not resprout. Fire return intervals vary consider-
ably among communities dominated by low sagebrush. In the Greater Yellowstone
Area subregion, vegetation modeling results indicate that the proportion of land-
scape burned will increase substantially, with the potential for fire to reach some
low sagebrush communities (Sheehan et al. 2015). Increased fire activity will
decrease the abundance of low sagebrush relative to other species, especially if non-
native annual grasses become more prevalent.

Relative to other sagebrush species, low and black sagebrush have limited adap-
tive capacity. Black sagebrush hybridizes with silver sagebrush, and sprouting is
thought to be a heritable trait in crosses between non-sprouting and sprouting sage-
brushes (McArthur 1994). However, silver sagebrush distributions are typically dis-
junct with those of low and black sagebrush, so acquisition of sprouting traits is
unlikely. The relatively low productivity of low sagebrush sites may also limit adap-
tive capacity, especially if other risk factors are present.

6.4.4 Sprouting Sagebrush Species

Significant areas of threetip and silver sagebrush shrublands have been converted to
agricultural lands. Those that remain are often used for livestock grazing because of
the palatable herbaceous undergrowth. Rangelands with improper grazing typically
have a large amount of bare ground, low vigor of native herbaceous species, and
presence of nonnative plant species. Improper livestock grazing can cause loss of
topsoil if vegetation cover and density decline and bare ground increases (Sheatch
and Carlson 1998).

Both species can sprout from the root crown following top kill from fire (Bunting
et al. 1987); silver sagebrush is a vigorous sprouter (Rupp et al. 1997), whereas
threetip sagebrush is less vigorous (Bunting et al. 1987; Akinsoji 1988). Both spe-
cies occur on mesic sites, where threetip sagebrush is often associated with moun-
tain big sagebrush, and silver sagebrush occupies riparian benches or moist toe
slopes. Although these species sprout, increased fire frequency and severity (par-
ticularly in threetip communities) may facilitate dominance by fire-adapted shrubs,
herbs, and nonnative species. More spring and winter precipitation would promote
establishment and early seed set in nonnative annual grasses, providing a competi-
tive advantage over native perennial grasses (Bradley 2008) and creating fine fuels
that can burn sagebrush and native grasses before they have matured and set seed
(Chambers and Pellant 2008).
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Historical fire return intervals for both species are relatively short, with threetip
sagebrush cover returning to preburn levels 30—40 years after fire (Barrington et al.
1988). All three subspecies of silver sagebrush sprout after fire, and along with
threetip, also occur on more mesic sites. If high-severity burns are more frequent in
a warmer climate, they may not only cause mortality, but create unfavorable condi-
tions for postfire regeneration (from sprouting or seed), and provide invasive species
with a competitive edge. Understory composition may shift to more xeric grassland
species (e.g., bluebunch wheatgrass, needle-and-thread) that are better adapted to
drier conditions. In a warmer climate, both sagebrush species may persist in sites
that retain sufficient moisture (e.g., higher elevation, north aspect, concavities).

6.4.5 Wyoming Big Sagebrush and Basin Big Sagebrush

Distribution of Wyoming big sagebrush is patchy in Montana and more evenly dis-
tributed in the Eastern Rockies and Grassland subregions. Stressors to both sage-
brush communities include 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 (e.g., with ungulate impacts). Wyoming
big sagebrush habitat coincides with oil and gas development, especially on the
eastern edge of its distribution. The Grassland and Greater Yellowstone Area subre-
gions contain the largest extent of big sagebrush, with basin big sagebrush dominant
in the Western Rockies subregion.

Big sagebrush ecosystems have been subjected to many stressors: oil and gas
development (Knick et al. 2003), big sagebrush removal to increase livestock forage,
plant pathogens and insects, improper grazing (Davies et al. 2011), nonnative inva-
sive species (Davies et al. 2011), and altered disturbance regimes (Balch et al. 2013).
These stressors, especially oil and gas development, cause habitat loss and fragmen-
tation (Doherty et al. 2008; Walston et al. 2009), creating barriers to plant dispersal
and degrading habitat for sage-grouse and other wildlife species (Rowland et al.
2006). Improper use by livestock alters structure and composition of big sagebrush
communities and increases the probability of nonnative annual grass invasion (Cooper
et al. 2007; Davies et al. 2011), especially cheatgrass (Brooks et al. 2004; Balch et al.
2013). Cheatgrass invasion poses a continued and heightened threat to big sagebrush
ecosystems in the future, because its biomass production and fire frequency are pro-
jected to increase in response to rising temperature and CO, levels (Ziska et al. 2005).
Field brome (Bromus arvensis) can also negatively affect big sagebrush, because it
establishes after fires that kill big sagebrush (Cooper et al. 2007).

Amount and timing of precipitation control seedling establishment of big sage-
brush at low elevation, whereas minimum temperature and snow depth control ger-
mination and survival at high elevation (Poore et al. 2009; Nelson et al. 2014). If
drought increases in the future, germination and survival of big sagebrush seedlings
may decrease (Schlaepfer et al. 2014a, b). Drought and increased summer tempera-
ture can also affect survival and growth of mature big sagebrush plants (Poore et al.
2009), as well as perennial grasses and forbs. In addition, big sagebrush seeds have
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low viability after 2 years (Wijayratne and Pyke 2009, 2012), are poorly dispersed
(Young et al. 1989), and are episodically produced (Young et al. 1989). Big sage-
brush is a poor competitor relative to associated herbaceous species (Schlaepfer
et al. 2014a), and because it is killed by fire, postfire recovery may be challenging if
wildfires are more frequent in the future.

Big sagebrush is projected to expand in northeast and north-central Montana,
where climate may be sufficiently cool and moist (Schrag et al. 2011), and decrease
in the Western Rockies and northwest Greater Yellowstone Area subregions, primar-
ily from summer drought (Schlaepfer et al. 2012). Projected shifts in community
composition and productivity in big sagebrush ecosystems remain uncertain. If
drought increases, native herbaceous plant diversity and cover may be reduced. In
non-drought years, higher temperatures and increased CO, may increase biomass
production (Reeves et al. 2014), fire frequency, and herbaceous biomass at the
expense of fire-intolerant big sagebrush.

Although lower soil water availability may pose a long-term stress for big sage-
brush ecosystems, extended periods of sustained drought are required to cause mor-
tality (Kolb and Sperry 1999). Big sagebrush should have some capacity to adapt to
climate change. The species occurs over a large geographic area with diverse topog-
raphy, soils, and climate, suggesting that it can persist in a broad range of ecological
conditions. In addition, various subspecies of big sagebrush hybridize and have a
high level of polyploidy, providing capacity to undergo selection and adapt to vari-
able climate (e.g., Poore et al. 2009).

6.4.6 Mountain Big Sagebrush

Some areas of mountain big sagebrush shrublands have been converted to agricul-
tural lands, and those that remain are used for domestic livestock grazing, primarily
because of the palatable herbaceous undergrowth. Those that have had improper
grazing typically have bare ground and low vigor of native herbaceous species, and
as a result, nonnative plant species are often present. Improper livestock grazing,
native ungulate herbivory, and nonnative invasive plants are the primary stressors.
Fire exclusion is also a stressor, facilitating conifer establishment and decline of
grass cover.

Mountain big sagebrush is killed by fire. If wildfire frequency and severity
increase, community composition will shift to dominance by fire-adapted shrub,
herbaceous, and nonnative species. Increased spring and winter precipitation may
facilitate nonnative annual grasses (especially cheatgrass) establishment, although
this is less likely in cooler locations compared to lower elevation Wyoming and
basin big sagebrush. Concerns about cheatgrass and other nonnative species have
been discussed above, although some sagebrush communities may be less suscep-
tible to cheatgrass invasion following fire (Lavin et al. 2013).

Mountain big sagebrush is not fire adapted, and may decline in cover and density
or become extirpated in response to warmer temperatures and increased fire fre-
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quency and severity. Historical fire return intervals in mountain big sagebrush were
a few decades, compared to Wyoming big sagebrush (>100 years) (Heyerdahl et al.
2006; Lesica et al. 2007). Mountain big sagebrush regenerates from seeds, with full
recovery 15—40 years after fire (Bunting et al. 1987). Because the sagebrush seed
bank is minimal, if fires burn large areas and there are no live, seed-bearing sage-
brush nearby, there may be a conversion to grassland. In addition, nonnative species
may expand into these areas or increase in abundance (Bradley 2008).

Mountain big sagebrush occurs at higher elevations, typically on more produc-
tive cooler, mesic sites that are less susceptible to nonnative species. If these sites
become warmer and drier, herbaceous understory composition could shift to more
drought-tolerant species, including cheatgrass (Chambers et al. 2014). Mountain
big sagebrush may be able to persist and expand into cooler locations (higher eleva-
tion, north aspects, concavities, deeper soils). Native grassland species that are more
tolerant of warmer, drier conditions (e.g., bluebunch wheatgrass, needle-and-thread)
may also be able to persist in the understory.

6.4.7 Northern Great Plains

Grasslands extend across the northern Great Plains, 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, with a concurrent transition from shortgrass prairie to northern mixed grass
prairie to tallgrass prairie. Shortgrass prairie is characterized by grama (Bouteloua
spp.)/needlegrass/wheatgrass and a mix of C3 and C4 plant species. Northern mixed
grass prairie is characterized by wheatgrass/needlegrass in the west and
wheatgrass/bluestem (Andropogon spp.)/needlegrass in the east, and a mix of C3
and C4 plant species. Tallgrass prairie is characterized by bluestem and a domi-
nance of C4 grasses, although C3 grass species are also present.

Historically, frequent wildfire maintained grassland dominance, particularly in
the eastern Great Plains. Starting in the late nineteenth century, settlement 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 has encouraged woody plant encroachment, especially in the eastern
Great Plains (Morgan et al. 2008). Invasive grass and forb species have reduced the
diversity of native grasslands, with increased noxious weeds such as leafy spurge,
Kentucky bluegrass (Poa pratensis), Japanese brome, and cheatgrass. Energy devel-
opment and associated infrastructure fragments grassland locally, and roads and
vehicles help spread nonnative species.

Soil water availability affects plant species distribution and abundance, produc-
tivity, and associated social and economic systems of the northern Great Plains.
Interactions of temperature, precipitation, topography, soil, and ambient CO, with
plant physiological mechanisms will influence how grasslands respond to climate
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change (Chen et al. 1996; Bachman et al. 2010; Morgan et al. 2011). Slope, aspect,
insolation, and soil water holding capacity will modify these effects locally.
Landscape variability in available soil water will result in uneven patterns of vegeta-
tion change and productivity. Elevated CO, may counter the effects of higher tem-
peratures and evaporative demand by increasing water use efficiency of some plant
species, especially C3 grasses (Morgan et al. 2011), although most nonnative inva-
sive species are C3 plants, and expansion of nonnatives would be a negative out-
come (Morgan et al. 2008).

The adaptive capacity of Great Plains grasslands was demonstrated in the Central
Plains during the 1930s and 1950s droughts (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 (Bouteloua dactyloides). Shifts from tallgrass
prairie to mixed grass prairie were also documented with an increase in two C3
plants, western wheatgrass and needlegrass. This shift was later reversed during the
higher precipitation period of the 1940s, indicating significant resilience of Great
Plains grasslands to drought.

6.5 Adapting Rangeland Vegetation and Management
to Climate Change

Rangeland vegetation in the northern Rockies will be affected by altered fire
regimes, increased drought, and increased establishment of nonnative invasive spe-
cies in a changing climate. Effects of climate change will compound existing stress-
ors caused by human activities. Therefore, adaptation options for rangeland
vegetation are focused on increasing the resilience of rangeland ecosystems, pri-
marily through nonnative invasive species control and prevention.

Ecologically based invasive plant management (EBIPM) (Krueger-Mangold
et al. 2006; Sheley et al. 2006) provides a framework for controlling nonnative spe-
cies in rangelands. EBIPM focuses on strategies to repair damaged ecological pro-
cesses that facilitate establishment of nonnatives (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 pre-
vent establishment of nonnative species. Early detection/rapid response (EDRR) is
commonly used to prevent nonnative species establishment. Other tactics include
implementing weed-free policies, conducting outreach to educate employees and
the public about nonnatives (e.g., teach people to clean their boots), and developing
weed management areas that are collaboratively managed by multiple agencies,
non-governmental organizations, and the public.
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Grazing management will be important in maintaining and increasing resilience
of rangelands to climate change. A warmer climate will lead to altered availability of
forage, requiring some reconsideration of grazing strategies. For example, reducing
grazing in July and August may encourage growth of desired perennials in degraded
systems. Livestock grazing can also be managed through development of site-spe-
cific, 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 rangeland systems
and may lead to phenological mismatches between pollinators and host plants.
Pollinator declines may negatively affect the health of grasslands in the Northern
Rockies, so encouraging native pollinators may help sustain these systems. Tactics
that promote native pollinators include revegetation with native species, appropriate
herbicide and insecticide use, and education. Implementing long-term monitoring
of pollinators can help identify where treatments should be prioritized.

Existing stressors in montane shrublands include fire exclusion and conifer
establishment, browsing by native and domestic ungulates, and insects and disease.
Warmer temperatures and drier conditions may lead to an increase in high-severity
fires that can cause extirpation of characteristic species and local soil erosion.
Adaptation tactics include implementing fuel reduction projects such as brush cut-
ting, slashing, mastication, and targeted browsing. Reestablishing appropriate fire
regimes may help maintain these shrublands and increase their resilience to a
warmer climate. EDRR and EBIPM can be used to control nonnatives and to main-
tain adequate shrub cover, vigor, and species richness. Educating specialists on
ecology and disturbances affecting shrublands, effects of repeated burns, reforesta-
tion needs, and reporting on weeds will also help maintain these systems.
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Chapter 7
Effects of Climate Change on Ecological
Disturbance in the Northern Rockies
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Mary E. Manning, Jacob P. Duncan, Joel M. Egan, Marcus B. Jackson,
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Steve Shelly, Brytten E. Steed, and Paul J. Zambino

Abstract Disturbances alter ecosystem, community, or population structures and
change elements of the biological and/or physical environment. Climate changes
can alter the timing, magnitude, frequency, and duration of disturbance events, as
well as the interactions of disturbances on a landscape, and climate change may
already be affecting disturbance events and regimes. Interactions among distur-
bance regimes, such as the co-occurrence in space and time of bark beetle outbreaks
and wildfires, can result in highly visible, rapidly occurring, and persistent changes
in landscape composition and structure. Understanding how altered disturbance pat-
terns and multiple disturbance interactions might result in novel and emergent land-
scape behaviors is critical for addressing climate change impacts and for designing
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land management strategies that are appropriate for future climates. This chapter
describes the ecology of important disturbance regimes in the Northern Rockies
region, and potential shifts in these regimes as a consequence of observed and pro-
jected climate change. We summarize five disturbance types present in the Northern
Rockies that are sensitive to a changing climate—wildfires, bark beetles, white pine
blister rust (Cronartium ribicola), other forest diseases, and nonnative plant inva-
sions—and provide information that can help managers anticipate how, when,
where, and why climate changes may alter the characteristics of disturbance
regimes.

Keywords Disturbance ¢ Wildfire ¢ Beetles ¢ Pathogens ¢ Climate change ¢
Resilience * Rocky Mountains

7.1 Introduction

The term disturbance regime describes the general temporal and spatial characteris-
tics of a disturbance agent, such as insects, disease, fire, and human activity, and the
effects of that agent on the landscape (Table 7.1). More specifically, a disturbance
regime is the cumulative effect of multiple disturbance events over space and time
(Keane 2013). Disturbances alter ecosystem, community, or population structures
and change elements of the biological and/or physical environment (White and
Pickett 1985). The resulting shifting mosaic of diverse ecological patterns and struc-
tures affects future patterns of disturbance, in a reciprocal, linked relationship that
shapes the fundamental character of landscapes and ecosystems.

Climate changes can alter the timing, magnitude, frequency, and duration of dis-
turbance events, as well as the interactions of disturbances on a landscape, and cli-
mate change may already be affecting disturbance events and regimes (Dale et al.
2001). Interactions among disturbance regimes, such as the co-occurrence in space
and time of bark beetle outbreaks and wildfires, can result in highly visible, rapidly
occurring, and persistent changes in landscape composition and structure.
Understanding how altered disturbance patterns and multiple disturbance interac-
tions might result in novel and emergent landscape behaviors is critical for address-
ing climate change impacts and for designing land management strategies that are
appropriate for future climates (Keane et al. 2015a).

This chapter describes the ecology of important disturbance regimes in the
Northern Rockies region, and potential shifts in these regimes as a consequence of
observed and projected climate change. We summarize five disturbance types in the
Northern Rockies that are sensitive to a changing climate—wildfires, bark beetles,
white pine blister rust (Cronartium ribicola), other forest diseases, and nonnative
plant invasions—and provide information that can help managers anticipate how,
when, where, and why climate change may alter the characteristics of disturbance
regimes.
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Table 7.1 Characteristics used to describe disturbance regimes

Disturbance
characteristic

Description

Example

Agent

Factor causing the disturbance

Mountain pine beetle is the agent that
kills trees

Source, cause

Origin of the agent

Lightning is a source for wildland fire

Frequency How often the disturbance Years since last fire or beetle outbreak
occurs or its return time (scale dependent)
Intensity A description of the magnitude | Mountain pine beetle population levels;
of the disturbance agent wildland fire heat output
Severity The level of impact of the Percent mountain pine beetle tree
disturbance on the environment | mortality; fuel consumption in wildland
fires
Size Spatial extent of the disturbance | Mountain pine beetles can kill trees in
small patches or across entire landscapes
Pattern Patch size distribution of Fire can burn large regions but weather
disturbance effects; spatial and fuels can influence fire intensity and
heterogeneity of disturbance therefore the patchwork of tree mortality
effects
Seasonality Time of year at which a Species phenology can influence wildland
disturbance occurs fires effects; spring burns can be more
damaging to growing plants than autumn
burns on dormant plants
Duration Length of time of that Mountain pine beetle outbreaks usually
disturbances occur last for 3-8 years; fires can burn for a day
or for an entire summer
Interactions Disturbances interact with each | Mountain pine beetles can create fuel
other, climate, vegetation and complexes that facilitate or exclude
other landscape characteristics | wildland fire
Variability The spatial and temporal Highly variable weather and mountain
variability of the above factors | pine beetle mortality can cause variable
burn conditions resulting in patchy burns
of small to large sizes
From Keane (2013)

7.2 Wildfire

7.2.1 Overview

Wildland fire was historically the most important and extensive landscape distur-
bance in the Northern Rockies region (Hejl et al. 1995). Wildfire emerged as a
dominant process in North America after the end of the last glacial period, about
16,500-13,000 years before present, with rapid climate changes and increased tree
cover (Marlon et al. 2009). In the Northern Rockies, many forest types are fire prone
and fire adapted, meaning that fire is an integral and predictable part of their main-
tenance and ecological functioning.
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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 7.2).

Table 7.2 Risk assessment for fire regime changes, based on expert opinion and information from
literature summarized in this chapter

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

extreme fire
conditions

loads; in mesic forests, if
increased fire frequency
decreases fuel loads
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Fire Regime Group

[ 35- 200 Year Fire Retum Interval, Low and Mixed Severity B Barren

- 35 - 200 Year Fire Return Interval, Replacement Severity [: Fire Regime Ch fi:
[ <= 35 Year Fire Return Interval, Low and Mixed Severity [ I snowiice

B <= 35 ear Fire Return Interval, Replacement Severity [ Sparsely Vegetated

I > 200 Year Fire Return Interval, Any Severity B wter

(O Morthern Rockies Subregional Areas

Fig. 7.1 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

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% of the dominant overstory vegetation; (2) moderate-
frequency (35-200 years), mixed-severity fires that replaced up to 75% of the over-
story; and (3) infrequent (200+ years), high-severity fires that replaced greater than
75% of the dominant overstory vegetation (Fig. 7.1).

In general, fire regimes vary along environmental gradients, with fire frequency
decreasing and fire severity increasing with elevation (although aspect and slope
position can influence fire patterns). For example, low-severity fires are typical in
many ponderosa pine (Pinus ponderosa) forests at low elevations. Historically, fires
in ponderosa pine forests burned frequently enough to maintain low fuel loads and
open stand structure, resulting in a landscape in which fire-caused mortality of
mature trees was rare (Agee 1998; Jenkins et al. 2011). Conversely, high-severity
fires occurring at intervals of more than 300 years are typical in subalpine forests.
These fires cause extensive mortality of mature trees because long intervals between
fires result in dense, multi-layer forest structures that are susceptible to crown fires
(Agee 1998).

Climate and fuels are the two most important factors controlling fire regimes
in forest ecosystems. Climate controls the frequency of weather conditions that
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promote fire, whereas the amount and arrangement of fuels influence fire inten-
sity and spread. Climate influences fuels on longer time scales by shaping species
composition and productivity (Dale et al. 2001; Marlon et al. 2008) and large-
scale climatic patterns such as the El Nifio Southern Oscillation and Pacific
Decadal Oscillation are important drivers of forest productivity and susceptibility
to disturbance in the Northern Rockies (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, also affect the amount and struc-
ture of fuels (Falk et al. 2011).

At annual time scales, weather is the best predictor of fire characteristics such as
area burned and fire size. In forest ecosystems, fuels lose moisture and become
flammable in warm and dry summers typical in the Northern Rockies, during which
time there are ample sources of ignition from lightning strikes and humans.
Therefore, the active fire season (period conducive to active burning) is in the sum-
mer, typically from late June through October, with shorter seasons at higher eleva-
tion sites where snowpack can persist into July (Littell et al. 2009). In these
high-elevation systems short-duration drying episodes generally do not create suf-
ficiently dry conditions to sustain a fire, but prolonged dry weather conditions
(about 40 days without precipitation) can sufficiently dry fuels to carry large, intense
fires once they are ignited (Schoennagel et al. 2004). Regionally, widespread fire
years are correlated with drought (Heyerdahl et al. 2008b; Morgan et al. 2008), and
these regionally synchronous 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 non-forested 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 sea-
son, the amount and timing of precipitation largely determine availability and com-
bustibility of fine fuels, and short periods of dry weather are sufficient to precondition
these systems to burn (Westerling and Swetnam 2003; Gedalof et al. 2005). In con-
trast 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 tempera-
tures, 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 associ-
ated with land clearing and land cover change, agriculture, introduction of nonna-
tive species, and fire management (fuel treatments and fire suppression/exclusion).
Grazing and the introduction of nonnative species have altered ecological processes
that affect fire, including fuel loading and continuity, forest composition and struc-
ture, nutrient cycling, soils, and hydrology (Swetnam et al. 1999; Marlon et al.
2009). For many sagebrush ecosystems of low to moderate productivity, fire inter-
vals are 10-20 times shorter today than what is estimated for pre-twentieth century
conditions (Chap. 6), because of the spread and dominance of the nonnative annual
cheatgrass (Bromus tectorum). In contrast, many dry forests, shrublands, and
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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 that
historically experienced low-severity fire regimes (Peterson et al. 2005) and in some
forests that experienced mixed-severity regimes (Taylor and Skinner 2003).

7.2.2 Potential Future Wildfire Regimes and Wildfire
Occurrence

The most visible and significant short-term effects of climate changes on forest
ecosystems are likely to be caused by altered disturbances, often occurring with
increased frequency and severity. Climate changes are likely to increase fire fre-
quency, fire season length, and cumulative area burned in the coming decades in the
western United States, in response to warmer, drier conditions (McKenzie et al.
2004; Flannigan et al. 2006). Climate changes may also increase the frequency or
magnitude of extreme weather events that affect fire behavior (Lubchenco and Karl
2012). Although shifts in vegetation composition and distribution caused by climate
alone may occur over decades or centuries, wildfires can temporarily or persistently
reorganize landscapes over a period of days (Overpeck et al. 1990; Seidl et al. 2011).

Earlier snowmelt, higher summer temperatures, and longer fire seasons have
resulted in increased wildfire activity compared to the mid-twentieth century, par-
ticularly in the Northern Rockies (Westerling et al. 2006). Potential mid to late
twenty-first century climate-driven changes to regional fire regimes 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 (Brown et al.
2004; Westerling et al. 2006; Rocca et al. 2014). In particular, lengthening of the fire
season will allow for more ignitions, greater likelihood of fire spread, and a longer
burning duration (Riley and Loehman 2016). 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 snowmelt will reduce fuel
moistures during the fire season, making a larger portion of the landscape flamma-
ble for longer periods of time (McKenzie et al. 2004). This shift may be especially
pronounced in middle to high elevation forested systems where fuels are abundant.
However, in areas that are fuel limited, fires may become more infrequent where
there is insufficient moisture for fine fuel accumulation (Littell et al. 2009).

The potential effects of climate change on wildfire area have been assessed
using statistical and ecological process models for the western United States
(McKenzie et al. 2004; Spracklen et al. 2009), Pacific Northwest (Littell et al.
2010), Northern Rockies (Loehman et al. 2011; Holsinger et al. 2014; Rocca et al.
2014), and the Greater Yellowstone Area (Westerling et al. 2011). For a mean tem-
perature increase of 2 °C, the annual area burned by wildfires is expected to increase
by a factor of 1.4-5 for most western states (McKenzie et al. 2004). The effects of
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future climate on fire severity (i.e., the proportion of overstory mortality) are less
certain because severity is more sensitive than area burned to arrangement and
availability of fuels. The trend for larger, more damaging fires in sagebrush ecosys-
tems is expected to continue until aberrations in fuel conditions that drive fire are
altered (Keane et al. 2008).

7.2.3 Potential Interactions Between Wildfire and Other
Disturbances

Interactions between fire and other disturbance agents will likely be a driver of eco-
system change under changing climate. Drought and increased temperatures are key
drivers of both wildland fires and bark beetle outbreaks. Multiple studies have cited
changes in fire behavior resulting from bark beetle-caused mortality in pine forests
(reviewed in Hicke et al. 2012), with increased fire intensity persisting for approxi-
mately 5 years after fire, depending on local conditions.

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 sug-
gest 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 inde-
pendently or synchronously in space and time, wildland fires and bark beetle out-
breaks 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; Hansen 2014).

7.3 Bark Beetles

7.3.1 Overview

Bark beetles are an important forest disturbance agent in the Northern Rockies
region. Bark beetles in the region feed in the phloem of living conifers and can have
extreme population amplifications over short time periods. Larval feeding, in addi-
tion to colonization by beetle-introduced fungi, typically results in death of the tree.
Bark beetles are relative specialists, feeding on a single tree species or several spe-
cies within a single genus, and in the Northern Rockies, multiple tree species are
affected by different bark beetle species.

Historically, pulses of bark beetle-caused tree mortality were extensive across
the northern Rocky Mountain region. Recently, between 1999 and 2013, bark
beetle-caused tree mortality in the Northern Rockies affected nearly 570,000 hect-
ares each year. Mountain pine beetle (Dendroctonus ponderosae, hereafter referred
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to as MPB) caused the majority of tree mortality, cumulatively affecting about 3.5
million hectares over the 1999-2013 time period. 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 et al. 2013).

Bark beetle disturbances play a significant role in successional pathways and
biogeochemical cycles in Northern Rockies forests (DeRose and Long 2007; Edburg
etal. 2012; Hansen 2014). At low population levels, bark beetles act locally as thin-
ning agents, producing forest gaps that promote regeneration and the release and
subsequent growth of neighboring host and non-host trees, often producing uneven-
aged stands (Mitchell and Preisler 1998). At outbreak population levels, tree mortal-
ity can approach 80% across landscapes of homogeneous host species and age,
changing age-class distributions and overstory and understory species composi-
tions. For example, in seral lodgepole pine forests removal of the largest trees by
MPB can hasten succession by climax species when fire is absent (Hagle et al.
2000). 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.

7.3.2  Drivers of Bark Beetle Outbreaks

Bark beetle population outbreaks require forests with extensive host trees of suit-
able 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 the perfect scenario for
years of bark beetle population growth.

Although suitable host trees are critical to outbreak development, beetle popula-
tions can exist for years at low levels until release is triggered by inciting factors that
allow for rapid population growth. Triggers include factors 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) (Shore et al.
1999; Hebertson and Jenkins 2007), as well as secondary beetles including Ips spe-
cies and fir engraver (Scolytus ventralis) (Livingston 1979). Weather favorable to
beetle reproduction and survival also influences population fluctuations, and can
both initiate and sustain outbreaks (Régniere and Bentz 2007; Powell and Bentz
2009).

Climate and weather directly drive bark beetle outbreaks by affecting beetle
growth and survival. 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. 1991). Diapause and development rate thresh-
olds help in this synchrony (Hansen et al. 2001, 2011; Bentz and Jonsson 2015).
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Temperature is also an important determinant of the number of bark beetle gen-
erations 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),
although multivoltine in more southern parts of their range. Other bark beetle spe-
cies require at least one year to complete a generation (univoltine), and at higher
elevations where temperatures are cooler, two to three 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 (Hansen et al. 2001; Bentz et al. 2014). 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 temperatures (Bentz and Mullins 1999). However,
extreme fluctuations in temperature in spring and autumn, in addition to long dura-
tions of temperatures below —35 °C, can cause extensive larval mortality (Safranyik
and Linton 1991; Régniere and Bentz 2007).

7.3.3 Potential Effects of Climate Change on Bark Beetles

Climate change will likely have direct and indirect effects on bark beetle population
outbreaks (Table 7.3). Indirectly, changing temperature and precipitation regimes
influence the suitability and spatial distribution of host trees. Fungi, predators, and
competitors associated with beetles can also be affected by changing climate and
thereby indirectly affect beetle population outbreaks. Direct effects may also occur
as changing temperature regimes either promote or disrupt bark beetle temperature-
dependent life history strategies. Future bark beetle-caused tree mortality will there-
fore depend not only on the spatial distribution of live host trees and heterogeneity

Table 7.3 Risk assessment for mountain pine beetle outbreaks, developed using model simulations
and expert opinion and information from literature summarized in this chapter

Projected
Direction of duration of Likelihood of
Elevation | change Main driver(s) of change change change
<1000 m | Increase if Temperature—caused shift to Increasing risk | High
host trees bivoltinism® through 2100
available
1000— Decrease Temperature-caused Decreasing risk | High
2000 m disruption of seasonality through 2100
2000— Increase Initially temperature-caused Decreasing risk | High
3000 m initially, then | shift from semivoltine® to through 2100
decrease unvioltine, then disruption of
seasonality
>3000 m | Increase Temperature-caused shift Increasing risk | High
from semivoltine to univoltine | through 2100

“Two generations in | year
"One generation in 2 years
‘One generation in 1 year
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of future landscapes, but also on the ability of beetle populations and their associates
to adapt to changing conditions (Bentz et al. 2016).

Projected changes in temperature and precipitation may cause significant stress
to bark beetle host trees in the future. For example, host tree defenses can be weak-
ened by reduced water availability (Chapman et al. 2012; Gaylord et al. 2013; Hart
etal. 2013). Increasing temperatures are expected to alter the seasonal timing of soil
water availability because of reduced snowpack and more precipitation falling as
rain rather than snow (Regonda et al. 2005). Reduced soil water availability during
the late spring and summer will lead to increased physiological drought stress in
host trees that could indirectly benefit bark beetles that colonize stressed hosts in the
late spring or summer (Raffa et al. 2008). Similarly, increased disturbance events
could provide a reservoir of stressed trees used by some bark beetle species, leading
to epidemic population levels.

Warming temperatures will also directly influence bark beetle population suc-
cess, although the effects will depend on the beetle species, as well as the seasonal
timing, amount, and variability of thermal input. For example, an increase in mini-
mum temperature between 1960 and 2011 was associated with an increase in MPB
survival and subsequent beetle-caused tree mortality in the Northern Rockies (Weed
etal. 2015). As climate continues to change, extreme within-year variability in win-
ter warming could be detrimental to insect survival, so reduced snow levels could
therefore contribute to increased mortality.

Warming at other times of the year could similarly have both positive and nega-
tive 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 lifecycle in warm years (Hansen
et al. 2001; Bentz et al. 2014). Warming temperatures could also cause species that
are currently bivoltine (e.g., western pine beetle, Ips species) to become multivol-
tine. 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 volt-
inism shifts could disrupt seasonality (Régniere et al. 2015).

7.3.4 Projected Effects of Climate Change on Bark Beetle
Populations

Mechanistic models can be used to explore the potential effects of changing climate
on bark beetle populations. Here we describe results from a temperature-dependent
mechanistic demographic model of MPB population growth that is based on pheno-
logical synchrony (Powell and Bentz 2009). The model was driven with downscaled
temperatures from two GCMs (CanEMS2, CCSM4) and two greenhouse gas emis-
sions scenarios (RCP 4.5 and 8.5). Climate data were downscaled using the multi-
variate adaptive constructed analogs approach (Abatzoglou and Brown 2012).
Although indirect effects of climate clearly affect host tree vigor, stand composi-
tion, and distribution across a landscape, these effects were not included in the
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Fig. 7.2 Left panel: projected mountain pine beetle population growth rate (mean, standard devia-
tion) of univoltine populations (one generation per year) over decades (historical) and 20-year
periods (projected) from 1950 to 2100, for the RCP 4.5 and 8.5 emission scenarios (see section
7.3.4). Shown are the mean and standard deviation among locations of decadal (historical) and
2-decadal (projected) growth rates. Right panel: proportion of simulation points in which bivolt-
inism (two generations in 1 year) is projected for more than 50% of years in each time period

demographic model. Model output was considered only for locations where pines
currently grow.

The proportion of areas with thermal requirements for MPB bivoltinism has his-
torically been low in the Northern Rockies (Fig. 7.2). Stands at elevations <1000
meters currently have relatively few pines and low hazard for MPB, and population
growth of univoltine populations 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 and future climates relative to histori-
cal periods. However, the proportion of simulation points at <1000 meters with
thermal regimes that allow for bivoltinism is projected to increase through 2100,
particularly with greater temperature increases (under RCP 8.5) (Fig. 7.2). The
availability of pines at <1000 meters in future climates may be restricted.

Overall, model results suggest that pine stands above 2000 meters, particularly
between 2000 and 3000 meters, have the highest risk to MPB-caused tree mortality in
the near future. The highest density of pine occurs at 2000—3000 meters, the elevation
range also associated with a majority of stands with high hazard (56%). These stands
are projected to have higher univoltine population growth rates than in the historical
period. Thermal regimes for bivoltinism are unlikely at these elevations (Fig. 7.2). In
stands above 3000 meters, population growth rates were historically very low until
2000-2009. However, rates are projected to increase through 2100 (Fig. 7.2). These
stands have historically been, and will remain, too cool for bivoltinism.
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7.4 White Pine Blister Rust

7.4.1 Overview

White pine blister rust (Cronartium ribicola, hereafter referred to as WPBR) is a
nonnative fungus introduced to western North America from Europe around 1910
(Tomback and Achuff 2011). The life cycle of WBPR requires two hosts, with two
spore-producing stages on white pine and three separate spore producing stages on
alternate hosts: Ribes, Pedicularis, and Castilleja. The WPBR fungus infects three
white pines found in the Northern Region: western white pine (Pinus monticola),
whitebark pine (P. albicaulis), and limber pine (P. flexilis). WPBR has been found
across most of the ranges of these three pines, causing over 90% mortality in west-
ern white pine. WPBR infections rates are highest in the warmer, moister parts of
the ranges of whitebark and limber pine (Tomback and Achuff 2011).

The time required for WPBR to kill its host varies by species, distance of infec-
tion from bole, and bole circumference. WPBR kills western white pine in 5-10
years, and whitebark pine in 20 years (Hoff and Hagle 1990). WPBR-caused tree
mortality greatly affects stand structure and species composition, but the most seri-
ous impact of WPBR is the long-term impact on white pine regeneration. Native
pine populations show some heritable resistance to WPBR, but the frequency of
resistance is low and variable (Hoff et al. 1980), although resistance may have
increased since this early report through additional natural selection (Klopfenstein
et al. 2009).

7.4.2 Effects of Climate Change on WPBR

Climate change may cause WPBR infections to occur earlier and with greater fre-
quency and intensity in pine stands. Specific weather conditions required for basid-
iospore germination and infection of pine needles may occur more frequently and
for longer periods in the future (Koteen 1999). “Wave” years—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 telio-
spore and basidiospore production and pine infection—may increase in the future
for whitebark pine, although wave years may actually decrease for most temperate
pine forests because of hotter, drier conditions in a changing climate (Sturrock et al.
2011). Warmer temperatures could negatively impact rusts, although extreme
weather could facilitate WPBR spore dispersal, resulting higher spore loads and
expansion of its range (Helfer 2014).

Climate-mediated changes in host regeneration dynamics could restrict or
expand host ranges (Helfer 2014), thus altering WPBR range. The distribution and
occurrence of synergistic combinations of alternate host species (Zambino 2010)
could also change. Higher elevation areas may experience new climates that facili-
tate the expansion of Ribes into areas that were historically too cold and snowy. On
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the other hand, low-elevation upland areas where Ribes are currently abundant
might experience drought that causes decline of the host. Moreover, drought may
cause extended and extensive stomatal closure in pines, thus preventing hyphae
entry.

7.4.3 Interactions with Other Disturbance Processes

Interactions 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).

Fire indirectly affects WPBR by changing the size, distribution, and abundance
of its hosts. Mixed- and high-severity fires are currently common in most forests
where WPBR is present (Arno et al. 2000), and these fires are projected to increase
in size, frequency, and intensity (Westerling et al. 2011). Increased fire frequency
and area burned can create favorable conditions for pine regeneration, because most
five-needle pine seeds are dispersed by rodents and birds and are thus well adapted
to spread into postfire landscapes. Ribes populations may increase after fire through
regeneration by seed and sprouting from roots and rhizomes. However, re-burns
soon after an initial fire can eliminate regenerating Ribes before they can develop a
seed bank 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 they dampen the rate of rust-resistant adaptations (Keane et al. 2012).
However, where rust-resistant pines survive fire, they can provide seeds for populat-
ing future landscapes that are resilient to rust infection and fire mortality.

Trees infected with WPBR are weakened, and may be more susceptible to fire-
caused damage and mortality (Stephens and Finney 2002), and canopies of trees
attacked or killed by WPBR may increase crown fire because of excessive pitch.
Mortality from WPBR often results in elimination or thinning of the shade-intolerant
pine overstory, allowing shade-tolerant competitors to occupy the openings and cre-
ating different canopy fuel conditions (Reinhardt et al. 2010). Many shade-tolerant
competitors are more susceptible to fire damage, resulting in higher postfire tree
mortality in rust-infected landscapes.

Mountain pine beetle also influences WPBR through regulation of the tree spe-
cies that host 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, levels of MPB-
related mortality are high (Kendall and Keane 2001; Macfarlane et al. 2013). Many
stands of healthy pines in Yellowstone have been subjected to a major MPB out-
break over the last decade, resulting in substantial mortality of rust-resistant white-
bark pine trees (Logan et al. 2008).

Model simulations of MPB disturbance under current climate suggest a decline
in both lodgepole pine (especially without fire) and whitebark pine, with a cor-
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responding increase in subalpine fir (Abies lasiocarpa) and Douglas-fir
(Pseudotsuga menziesii), and little change with the addition of WPBR (Fig. 7.3).
These trends are enhanced under a warmer climate, in which lodgepole pine
declines are greater and stands are mainly replaced by Douglas-fir, but WPBR
interaction has minor effects on species composition (Keane et al. 2015a). Fire
frequency under current climate is 10% lower when fire, MPB, and WPBR are
allowed to interact, and average tree mortality is also lower (Fig. 7.3). In a warmer
climate, fire frequency decreases, high-severity fires increase, and interactions
among disturbances create different landscapes than when each disturbance acts
separately (or in the absence of disturbance) (Keane et al. 2015a) (Fig. 7.4).
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Fig. 7.3 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, and mountain pine beetle. 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. 2015a)
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Fig. 7.4 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, and mountain pine beetle. 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 pro-
cess model (Keane et al. 2015a)

7.5 Forest Diseases

7.5.1 Overview

We focus on forest diseases in the Northern Rockies known to have significant
effects on ecosystems and ecosystem services, and for which at least some informa-
tion on climate effects is available. These include dwarf mistletoes, root disease,

jhalo@uw.edu



7  Effects of Climate Change on Ecological Disturbance in the Northern Rockies 131

needle disease, abiotic disease, and canker disease. Climate drivers and potential
effects of climate change on these diseases are discussed in the following sections.

Dwarf mistletoes (Arceuthobium spp.) comprise five species of parasitic seed
plants found in the Northern Rockies. They mainly cause reduced tree growth and
productivity, but in some cases, they also cause tree mortality. Drummond (1982)
estimated that 850,000 hectares of national forest lands were infested by the three
most important species of dwarf mistletoe in the Northern Rockies.

Caused by various species of fungi, root disease is a major cause of tree growth
loss and mortality in the Northern Rockies. The two most significant native patho-
gens in the Northern Rockies region are Armillaria (Armillaria spp.) and annosus
(Heterobasidion annosum) root diseases, which occur in many mesic to moist for-
ests west of the Continental Divide. At least 1.3 million hectares in the Northern
Rockies have moderate to severe root disease, with up to 60% caused by Armillaria
ostoyae (USFS 2007). Armillaria kills conifers of all species when they are young,
but it is especially damaging to Douglas-fir, subalpine fir, and grand fir (Abies gran-
dis) because these species remain susceptible throughout their lives (Kile et al.
1991). 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 spe-
cies in early seral stages (Byler and Hagle 2000).

Needle diseases have historically been of limited significance in the Northern
Rockies; severe infection years occur only occasionally, and effects are mostly lim-
ited to crown thinning and loss of lower branches, with some mortality of young
trees. However, periodic outbreaks can cause severe damage locally (Lockman and
Hartless 2008). Needle diseases are favored by long, mild, damp springs, their
occurrence at epidemic levels depending on favorable weather conditions and pres-
ence of an adequate host population.

Canker diseases, which affect tree branches and boles, typically occur in stressed
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.

Forests in the Northern Rockies periodically experience damage from weather
extremes, such as high temperatures and drought. Conifers on the east side of the
Continental Divide, primarily Douglas-fir and lodgepole pine, often experience
twig and needle necrosis and desiccation caused by strong, dry, warm Chinook
winds in winter (Bella and Navratil 1987). Drought injury can initiate a decline
syndrome by predisposing trees to infection by less aggressive biotic agents, such as
canker fungi and secondary beetles.

7.5.2 Effects of Climatic Variability and Change on Forest
Diseases

Climatic variability and change can alter patterns of pathogen distribution and abun-
dance through (1) direct effects on development and survival of a pathogen, (2)
physiological changes in tree defenses, and (3) indirect effects on abundance of
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Table 7.4 Risk assessment for forest diseases, developed using expert opinion and information
from literature summarized in this chapter

Projected

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

appropriate association

precipitation with weather

timing occurs events
Root Little change Host stress While hosts are | Moderate
disease maladapted
Dwarf Could decrease Temperature could Unknown Low
mistletoe mistletoe influence flowering and

populations seed production/dispersal
Abiotic Significant Temperature and Unknown High
disease increase decreased precipitation

natural enemies, mutualists and competitors (Ayres and Lombardero 2000).
Changing interactions between pathogens and their hosts may become a substantial
driver of future disease outbreaks (Sturrock et al. 2011) (Table 7.4).

Fungi cause most forest diseases in the Northern Rockies, and fungus life cycles
are directly influenced by climate-related factors such as timing and duration of
precipitation, humidity, and temperature for spore germination, fungus growth, and
inactivation. Dwarf mistletoe reproduction and infection are also affected by tem-
perature and moisture (Hawksworth and Wiens 1996). Spring precipitation is pro-
jected to increase in most of the mountainous area of the Northern Rockies (Chap.
2). This may affect pathogens, specifically increasing the frequency of years when
needle diseases cause significant needle loss in conifer species. For example, needle
loss from Swiss needle cast (caused by Phaeocryptopus gaeumannii) is highly cor-
related with increasing winter temperatures and spring needle wetness (Stone et al.
2008).

Increased host stress in a changing climate could result in increased disease
occurrence (Coakley et al. 1999). For example, low soil moisture (drought) affects
the incidence and severity of pathogens. Flooding and water table fluctuation can
also predispose trees to pathogens. Some diseases may become more damaging if
thresholds that trigger infections, such as recurring drought, are reached more
frequently.

Indirect effects of climate change on competitors, antagonists, and mutualists
may also affect pathogens (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 lives. Given that root pathogens of
trees can often exploit a large food reserve in a tree once a defense is breached and
use those reserves to bolster attacks on nearby trees, even small changes in relation-
ships among fungal communities could have large effects.
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Kliejunas (2011) conducted a qualitative risk assessment of the potential effects
of climate change on forest diseases, several of which occur in the Northern Rockies.
Risk potential for Dothistroma needle blight, (caused by Dothistroma septosporum)
was estimated to be low in a warmer and drier climate, but moderate in a warmer
and wetter climate. Risk potential for dwarf mistletoes was rated as high regardless
of precipitation levels because dwarf mistletoe survival and infection increases with
temperature. Armillaria root disease risk potential was rated as high to very high
depending on moisture availability, with drier conditions increasing risk.

7.5.3 Forest Pathogen Interactions

Fire directly and indirectly influences distribution, severity, and persistence of forest
diseases, and forest diseases can influence fire behavior and severity. Forest patho-
gens 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 upper soil profile (Filip and Yang-Erve
1997). High-intensity fires can completely remove a pathogen with its host
(Kipfmueller and Baker 1998) or remove species susceptible to root disease (Hagle
et al. 2000). In contrast, low-intensity fires can leave mosaics of pathogens along
with their susceptible hosts, which can increase diseases such as dwarf mistletoe
(Kipfmueller and Baker 1998). However, low-intensity fires in some habitats main-
tain species tolerant of root disease (e.g., western larch) (Hagle et al. 2000).

Human-caused fire exclusion has led to an increase of root disease and dwarf
mistletoe (Hagle et al. 2000), which can influence fire behavior and severity. Root
disease creates pockets of mortality, resulting in standing and downed woody debris
and increased fuel loading. Increased litter accumulation and resinous witch’s
brooms from dwarf mistletoe infections can provide ladder fuels that may cause a
ground fire to move into the canopy (Geils et al. 2002).

An increase in severe weather events and/or fires could increase occurrence of
other diseases in a changing climate. For example, root and bole wounds could be
used as “infection courts” for root disease, and such wounds from windfalls and fire
are major avenues of infection for true fir and western hemlock (Smith 1989) and
lodgepole pine (Littke and Gara 1986). Fire damage and other stresses can release
root disease infections that have been walled off by host resistance responses (Hagle
and Filip 2010).

Pathogens, insects, and fire can also interact. For example, root damage from
fire in lodgepole pine can lead to stem decay fungi, which over time can cause
extensive heartwood decay in the boles of trees (Littke and Gara 1986). Decay-
infected trees then grow at a slower rate than uninfected trees and can be preferen-
tially attacked by MPBs years later (Littke and Gara 1986). In addition, altered
stand structure following MPB epidemics may increase dwarf mistletoe in lodge-
pole pine stands, thereby reducing stand growth and productivity and slowing stand
recovery (Agne et al. 2014).
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7.6 Nonnative Plants

7.6.1 Overview

Hundreds of nonnative species have been introduced into the Northern Rockies. Not
all of these species are abundant, but recent surveys showed that nonnative plants
comprise an average of 40% of species present (richness), and 25% of those nonna-
tives have significant effects on native grassland flora (Ortega and Pearson 2005).
Most nonnative invasives 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 ramosissima]). Nonnative invasive
plant species 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 and forage for wildlife.

In this section we explore how climate change might alter current ecosystems
and their susceptibility to invasion, and invasiveness of nonnative plants in general.
We define the parameters that bound potential community change based on climate
projections and discuss how plant communities might be affected across that range
of conditions.

7.6.2 Effects of Climate Change on Nonnative Species

Numerous attributes associated with successful invaders suggest nonnatives could
flourish under certain climate change scenarios (Dukes and Mooney 1999; Thuiller
et al. 2008; but see Bradley et al. 2009). For example, many nonnatives are fast
growing, early-seral species that tend to respond favorably to increased resource
availability, including temperature, water, sunlight, and CO, (Walther et al. 2009).
As aresult, nonnatives often respond favorably to disturbance because disturbances
can increase resource availability (Davis et al. 2000). Successful invaders com-
monly 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 and ability to expand their populations (Clements and
Ditomasso 2011).

Soil moisture often drives species-specific responses to elevated temperatures.
For example, experimentally increasing temperatures in a Colorado meadow system
resulted in increases in native upland shrubs, with big sagebrush (Artemisia triden-
tata) increasing in drier conditions and shrubby cinquefoil (Dasiphora fruticosa) in
wetter conditions (Harte and Shaw 1995). Recent experimental work in western
Montana showed that reduced precipitation can significantly impact spotted knap-
weed (Centaurea melitensis), whereas native bluebunch  wheatgrass
(Pseudoroegneria spicata) populations were unaffected by the same drought stress
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(Ortega et al. 2012). This result is consistent with historical observations of spotted
knapweed declines following drought conditions (Pearson and Fletcher 2008). In
Wyoming sagebrush-steppe systems, 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 perennial grasses
(Tilman and El Haddi 1992).

The most susceptible plant communities in the Northern Rockies have low veg-
etation cover, high bare ground, and unproductive soils; various nonnative plant
species exploit these more open sites. As fires and other disturbances increase in
intensity and frequency, invasive species may dominate some native plant commu-
nities, although numerous factors such as fire resistance of native species, propagule
availability, and variation in burn severity can affect establishment (Zouhar et al.
2008). Invasive species are generally adaptable and capable of relatively rapid
genetic change, which can enhance their ability to invade new areas in response to
ecosystem modifications (Clements and Ditomasso 2011), including short-term dis-
turbance or long-term stressors.

Note Any use of trade names is for descriptive purposes only and does not imply endorsement by
the US Government.
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Chapter 8
Effects of Climate Change on Wildlife
in the Northern Rockies

Kevin S. McKelvey and Polly C. Buotte

Abstract Few data exist on the direct effects of climatic variability and change on
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, including predators (Canada lynx, fisher, wolverine) and prey
(snowshoe hare) that depend on high-elevation, snowy environments, 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 strategies for wildlife focused on maintaining adequate habitat and
healthy wildlife populations, and increasing knowledge of species’ needs and cli-
mate sensitivities. Connectivity is an important conservation strategy for most spe-
cies in the Northern Rockies. Maintaining healthy American beaver populations
will provide riparian habitat structure and foraging opportunities for multiple spe-
cies. Quaking aspen habitat, which is also important for several species, can be
enhanced by allowing wildfire to burn, 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 flammulated owl. Excluding fire and reducing nonnative species will maintain
sagebrush habitats that are required by several bird and mammal species.
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* Wetland ¢ Pelage change

8.1 Climate-Wildlife Interactions

Temperature and moisture affect animal physiological response at short time scales
via the thin boundary layer immediately above their tissues (Fig. 8.1). If you (a mam-
mal) are wearing dark clothing on a cold, sunny day, sun energy interacts with the
dark clothing, creating a warm boundary layer. Conditions beyond that thin boundary
layer are physiologically irrelevant. In the shade, the warm boundary layer is replaced
with one at the ambient temperature of the air, making you cold. This example dem-
onstrates a number of basic factors that need to be considered when assessing the
effects of climate change on animals. Climate is, by definition, the long-term com-
posite of weather, which in turn is the composite of these nearly instantaneous effects
in an organism’s environment. Climate changes the frequency of weather events,
which in turn changes the frequency of fast shifts in boundary layer conditions. But
organisms do not directly respond to climate and can seek to optimize changes in
climatic conditions through metabolic and behavioral plasticity.

Terrestrial animals can manipulate their environment by standing in the sun or
shade, moving uphill or downhill, changing aspect, or seeking cooler/warmer condi-
tions by digging into a burrow or the snow. Endothermic animals change their bound-
ary layer by modifying hair or feathers, seasonally and at much shorter time scales,
while minimizing energy expenditure. Endotherms can further regulate their body
temperatures by expending energy; changes in climate may be expressed as increased

Physiologica
Limits

Position in Population
Range Genetics
uman Future

Development i

Population
Size

Fig. 8.1 Conceptual diagram of the effects of climate on wildlife populations in the Northern
Rockies. Climate pathways (black) interact with population characteristics (blue) to affect popula-
tion status (red)
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metabolic demands. Ectotherms have no ability to regulate their body temperatures
through metabolic processes; they are primarily limited to seeking appropriate tem-
peratures by, for example, inhabiting burrows or caves (Box 8.1). It is more difficult
for aquatic organisms to avoid adverse temperatures because water conducts heat effi-
ciently, and aquatic ectotherms are particularly vulnerable. Aquatic ectotherms cannot
avoid overheating when water temperatures increase, so it is more straightforward to
evaluate climate change effects on fish with known warm-water limits (Chap. 4).
Because of their inherent plasticity when faced with changing temperature, ter-
restrial endotherms are more likely to experience effects associated with changes in
precipitation amounts and types, because water produces physical features that
serve as habitat. In the Northern Rockies, where winters are cold, snow provides
physical habitat for which some animals have specific adaptations, such as a sea-
sonal color change in pelage: white to match snow, brown to match a snowfree
background (see discussion of snowshoe hare [Lepus americanus] below) (Fig. 8.2).

Box 8.1 How Animals Respond to Temperature: Endotherms vs.
Ectotherms

Endotherms (warm-blooded animals) maintain a constant body temperature,
and cold or excessive heat requires them to burn more calories to maintain a
core temperature, allowing them to function in a wide variety of environmen-
tal conditions. Endotherm physiology responds directly to temperature
change, and effectiveness and sustainability of physiological response are
determined by the quantity and quality of available food.

Ectotherms (cold-blooded animals), which include fish, reptiles, and
amphibians, react not by feeling cold and metabolizing energy to maintain
core temperature, but by having their metabolism slow until their activity is
reduced, in some cases becoming torpid. These basic metabolic differences in
vertebrates must be considered in how climate change will interact with ani-
mal life history, spatial distribution, habitat quality, and food sources.

Fig. 8.2 Canada lynx diet is dominated by snowshoe hare, which undergoes seasonal pelage
change from brown to white. The effectiveness of this strategy depends on synchrony with snow
cover (Left photo by Milo Burcham, right photo by L. Scott Mills)
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Table 8.1 Species included in the Northern Rockies Adaptation Partnership vulnerability
assessment, summarized by subregion

Greater
Western Central Eastern | Yellowstone
Habitat/species Rockies Rockies Rockies | Area Grassland

Dry forest

Flammulated owl X
Pygmy nuthatch X X
Riparian/wetland

X | <

American beaver X X

Moose

Northern bog lemming

Townsend’s big-eared bat

Harlequin duck

Columbia spotted frog

>
PR R R | <

X R

Western toad

Quaking aspen
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

Canada lynx X
Wolverine X

Ungulates: elk, mule deer, | X X X
white-tailed deer

X R

Oversized feet, long legs, and light bone structure also provide benefits in snow-
covered landscapes.

Deep snow provides a warm, stable environment at the interface between snow
and soil, and soil temperatures can often remain above freezing throughout winter
(Edwards et al. 2007). For animals that depend on a stable subnivean environment,
or who have specific phenological adaptations to snow, reduced snowpack (Chap. 3)
would represent a loss of critical habitat. Similarly, water bodies provide physical
habitats with features that provide predator avoidance, temperature control, and
sources of food. In addition, open or flowing water can provide important microcli-
mates. For example, American pikas (Ochotona princeps) can be found in otherwise
hot environments if water flows beneath the talus, producing cool microsites (Millar
and Westfall 2010). Seeps, springs, bogs, and persistent streams can integrate longer
climatic periods, so altering these features can make species that depend on them
vulnerable to climate change (Table 8.1).
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Climate effects on terrestrial endotherms will often be a function of changes in
plant assemblages that comprise wildlife habitat (Fig. 8.1). For predators, these
effects may be either direct (changes in number and location of vegetation boundar-
ies used by predators) or indirect (changes in prey densities or prey availability to
predators). If effects are associated with changes in habitat, projecting climate
effects on a specific animal species will be difficult, requiring knowledge about the
functional roles of ecological attributes in an animal’s life history, and consequences
associated with different life history strategies. Current behaviors can be studied,
but may not be informative about climate change effects, and responses may be
novel or difficult to anticipate.

Trophic effects include presence and abundance of disease and parasitic organ-
isms. 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). For many organisms,
current ranges are often strongly limited by human activities. For example, the range
of greater sage-grouse is limited by conversion of native sagebrush (Artemisia spp.)
habitat to agricultural uses (Miller and Eddleman 2001). In addition, climate change
will alter the nature and location of human activities that affect wildlife. In the west-
ern United States, changes in water availability and uses will have major effects on
human settlement patterns (Barnett et al. 2005), which will in turn affect habitat.

8.2 Communities and Habitat

Our understanding of wildlife ecology, particularly at broad spatial scales, is gener-
ally limited to relationships between occurrence patterns rather than direct studies
of limiting factors. Although patterns of occurrence may be clear, consistent, and
correlated with climate, causal mechanisms may be difficult to infer. For example,
many passerine birds nest only in specific habitats, such as Brewer’s sparrow
(Spizella breweri) which is obligate to sagebrush. The pattern is clear and invariant,
but the mechanistic links with sagebrush are unknown. Species such as ruffed
grouse (Bonasa umbellus) have northern distributions, but limiting factors for its
southern distribution are poorly understood (Lowe et al. 2010).

Based on observed patterns of distribution, enough information exists to identify
and manage current habitat, but it cannot be assumed that measured correlations
will persist in an altered climate. Assume that an animal’s occurrence is strongly
correlated with mature Douglas-fir (Pseudotsuga menziesii) forests. These forests
contain other tree and understory species, animal communities, and successional
trajectories, but in a future landscape, Douglas-fir may be associated with different
plant and animal communities. The correlational nature of most habitat data makes
it difficult to know which components are critical to habitat quality of a certain spe-
cies, much less habitat quality of novel species assemblages.

The effects of climate on future habitats are expected to be strongly influenced by
altered disturbance regimes. Changing disturbance dynamics (Chap. 7) modify char-
acteristics of landscape patterns across a broad range of spatial scales. If climate
change causes shifts in plant and animal distribution and abundance, a temporal
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mismatch may occur between decreased current habitat and increased new habitat,
and will be exacerbated by periodic disturbance. Wildfire can destroy current habitat
in a day, but generation of new habitat may require centuries. Fisher (Pekania pen-
nanti) provides an example of uncertainties associated with projecting the effects of
disturbance. This species is currently limited to mature forests in the Inland Maritime
climatic zone of Idaho and Montana, and climate projections indicate that this zone
will move to the east. Although climatic conditions to the east may be similar to
those in areas occupied by fisher, the habitat associated with mature forest requires
a century or more to grow in the projected climate zone, and a projected increase in
disturbances may prevent that from occurring (Chap. 7). Therefore, it is unclear
whether the projected climate will actually provide fisher habitat.

Because trajectories of species and their habitats under climate change are uncertain,
we consider vulnerability assessments for animals as hypotheses to be tested. We assume
that proactive management strategies will be used in the future to maintain valued spe-
cies and landscape attributes, including creating resilience to disturbance. A monitoring
program designed to test specific hypotheses associated with specific organisms (Nichols
and Williams 2006) can improve our understanding of relationships between climate
change and landscapes, providing data that inform science-based management.

8.3 Species Sensitivity to Climate Change

A few animal species have received significant attention, generating peer-reviewed
articles that analyze the effects of climate change, although this is relatively uncom-
mon. Foden et al. (2013) identified three dimensions associated with climate change
vulnerability—sensitivity, exposure, and adaptive capacity—and applied a framework
based on assessing these attributes to nearly 17,000 species. Other expert systems have
been developed to evaluate the relative degree of climate sensitivity and vulnerability
for various species. 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) formalized this process in the System for Assessing Vulnerability of Species
(SAVS), which considers a large number of traits associated with habitat (7 traits),
physiology (6 traits), phenology (4 traits), and biotic interactions (35 traits).

Formalizing traits that can lead to vulnerability provides a framework for collect-
ing biological data associated with a species and for considering the effects of cli-
mate change. However, existing expert systems cannot be used to infer the relative
importance of disparate sources of vulnerability such as habitat and phenology or if
estimated vulnerability scores have quantitative meaning (Bagne et al. 2011; Case
et al. 2015). For most species, accurately identifying vulnerability (Foden et al.
2013) would be challenging given current biological understanding. Because pub-
lished data on climate-species relationships are so sparse, we focus on evaluation of
each trait as it relates to the biology of specific animal species.

Below are assessments for animal species identified as high priority by U.S. Forest
Service Northern Region and national forest resource specialists. Species were not
necessarily chosen based on their perceived level of vulnerability. In many cases,
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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. Inferences
are based on interpretation of the pertinent literature, including empirical data, mod-
eling, and autecology. Level of detail differs greatly among species, proportional to
the amount of information available.

8.3.1 American Beaver (Castor canadensis)

American beavers spend most of the winter in lodges or swimming to retrieve food,
so climate 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. The cost of thermodynamic regulation may be
greater for juveniles because they have higher surface area-to-volume ratios than
adults (Campbell et al. 2013). In Québec (Canada), beaver density was highest in
areas with 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
require ponds, survival and body weight in European beavers has been linked to
lower April-September precipitation (Campbell et al. 2012, 2013).

Climate can indirectly influence beavers through effects on vegetation. Climate
change and climate-driven changes in streamflow may reduce early-seral tree

Fig. 8.3 Restoration of American beaver populations helps maintain cool water in mountain land-
scapes. Beavers create structures that help ameliorate the effects of climate change on habitat for
cold-water fish species and other aquatic organisms (Photo by E. Himmel, National Park Service)

jhalo@uw.edu



150 K.S. McKelvey and P.C. Buotte

species in riparian habitats (Perry et al. 2012), thus reducing food and building
materials. Beavers can be used to buffer riparian systems from drought, because
beaver ponds increase the amount of open water, assisting the conservation of other
animals, such as amphibians (Fig. 8.3) (Chaps. 3, 4).

8.3.2 American Pika (Ochotona princeps)

American pika is a small lagomorph that inhabits rocky alpine areas in western
North America (Smith and Weston 1990). Relatively little study of pikas had
occurred in the Northern Rockies until recently, with the exception of research on
occupancy and abundance in the Bighorn Mountains and Wind River Range
(Wyoming) (Yandow 2013). Pikas depend on moist, cool summer conditions and
winter snow (Beever et al. 2011), and on low water-balance stress and green vegeta-
tion (Beever et al. 2013). Acute temperature stresses (hot and cold) and vegetation
productivity appear to affect pika declines in the Great Basin (Beever et al. 2010,
2011, 2013), reinforcing surveys in Colorado of 4 pika extirpations (of 69 total
sites) that occurred at the driest sites (Erb et al. 2011).

Winter snowpack insulates pikas during cold periods and provides water during
summer. Surveys in the Sierra Nevada found that pika extirpations were associated
with sites with higher maximum temperatures and lower annual precipitation (Millar
and Westfall 2010). Individual mountain ranges act as discrete areas without pika
migration between adjacent ranges across valley bottoms (Castillo et al. 2014).
Connectivity of pika populations appears to be context dependent, with lower con-
nectivity between sites that occur in hotter, drier landscapes (Henry et al. 2012;
Castillo et al. 2014). Thus, recolonization may occur at distances less than 0.8 km and
in areas where between-population dispersal occurs within cool, moist landscapes.

Studies in the Sierra Nevada (Millar and Westfall 2010) 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 in the near term. 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—illustrates the importance of
microclimate for suitable habitat. Because pikas are sensitive to high temperatures,
their populations will probably respond to climate change in the Northern Rockies.
However, site-specific factors contribute to highly variable microclimates, so response
to climate change will probably be minimal and vary over space and time.

8.3.3 Canada Lynx (Lynx canadensis)

Canada lynx is a mid-sized cat with adaptations that allow it to travel across soft
snow, including oversized feet. Canada lynx prey nearly exclusively on snowshoe
hare (Lepus americanus) (Fig. 8.2), which constitutes 33—100% of its diet (Mowat
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et al. 2000; Squires and Ruggiero 2007). Snowshoe hares also exhibit seasonal pel-
age change from brown to white.

Lynx are found exclusively in North America, extending across interior Canada
and Alaska and northward into tundra vegetation and southward into high mountain
regions in the conterminous United States (McKelvey et al. 2000). In the Northern
Rockies, lynx exist in only the Clearwater River watershed, Bob Marshall
Wilderness, and northwestern corner of Montana. Maintaining population connec-
tivity 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), especially where distur-
bance processes are expected to increase.

In the Northern Rockies, 80% of dens are in mature forest and 13% in mid-seral
regenerating stands (Squires et al. 2008). For winter foraging, lynx forage in mature,
multilayer spruce-fir forests composed of large diameter trees with high horizontal
cover, abundant snowshoe hares, and deep snow (Squires et al. 2010). Lynx select
home ranges with vegetative conditions consistent with those identified for foraging
and denning (Squires et al. 2013). The range of snowshoe hare is more extensive
than that of lynx, extending into the mid Sierra Nevada and areas such as the
Olympic Peninsula (McKelvey et al. 2000). The more extensive hare distribution,
which includes areas with limited snow (e.g., the Pacific coast), is likely associated
with greater genetic differentiation in snowshoe hares compared to lynx.

Variation in timing of pelage change in snowshoe hares is low in any specific
location, and timing appears to be genetically controlled and linked to photoperiod
(Zimova et al. 2014). Timing of pelage change is critical, because mismatches—a
white hare on a dark background and vice versa—make hares susceptible to preda-
tion (Hodges 2000) (Fig. 8.2), and the ability of hares to shift timing of pelage
change to match snow patterns is limited. Unless a significant change occurs in the
population genetics of hares, they will be the wrong color for approximately 2
months per year in the Northern Rockies (Mills et al. 2013). Both lynx and hares
require specific amounts and duration of winter snow (McKelvey et al. 2000;
Schwartz et al. 2004), and in western Montana, lynx and hares use older spruce-fir
forests. If climate change and associated disturbance reduce the abundance of these
forests, populations of both lynx and hares could decline significantly.

8.3.4 Fisher (Pekania pennanti)

The fisher is a mid-sized, forest-dwelling mustelid whose range 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. Fishers are often associated with urban environments in the eastern United
States, but this is uncommon in the West where fishers are associated with very
specific habitats and populations are disjunct. Common attributes for resting sites
for western fisher are steep slopes, cool microclimates, dense forest canopy cover,
high volume of logs, and prevalence of large trees and snags (Aubry et al. 2013).
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In the West, fishers are associated with specific habitat conditions, especially
forested areas with low monthly snowfall (<13 cm) (Krohn et al. 1995), and appear
to avoid both deep snowpack (Raine 1983) and dry habitats (Schwartz et al. 2013).
In the Northern Rockies, fisher habitat is best in areas with high annual precipita-
tion, low relief, and mid-range values for mean temperature in the coldest month
(Olson et al. 2014). In the near term, habitat currently occupied by fisher might
improve in areas that are currently occupied (primarily central Idaho) but quality
will decline sharply by 2090, and new habitat may be created in northwestern
Montana (Olson et al. 2014).

Given that fishers are associated with mature forests, long time lags may exist
between the loss of current habitat and formation of new habitat in areas that are
currently unsuitable. If large trees cannot survive the shift in climate, mature forests
may become 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. Projections in Olson et al. (2014) provide an optimistic view of habitat
availability under climate change, especially because it is uncertain if fisher would
disperse into new habitat if and when it occurs.

8.3.5 Moose (Alces alces)

Moose is an example of a well-studied animal that has a northern distribution but
whose dependency on boreal environments may not be obvious. The distribution of
moose is limited by food supply, climate, and habitat (Murray et al. 2006, 2012).
The species is intolerant of heat, but well adapted to cold; high summer tempera-
tures increase metabolism and heart and respiration rates, and reduce body weight
(Renecker and Hudson 1986). These temperature thresholds represent physiological
thresholds that, when exceeded, represent heat stress that increases the energy
expenditure needed to stay cool.

Because of the behavioral plasticity discussed above, moose may be able to
avoid being exposed to high mid-day summer temperatures. In Minnesota, Lenarz
et al. (2009) found that temperature was highly correlated with moose survival, but
winter temperature was more critical than summer heat. In northern Minnesota,
moose populations were not viable, largely because of disease and parasite-related
mortality (Murray et al. 2006). However, in nearby southern Ontario (Canada),
moose populations had favorable growth rates (Murray et al. 2012). Warming tem-
peratures favor white-tailed deer (Odocoileus virginianus) expansion into moose
range, creating the potential for increased transmission of deer parasites to moose
(Lankester 2010). For moose, separating direct and indirect climate effects is
difficult.
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8.3.6 Northern Bog Lemming (Synaptomys borealis)

The northern bog lemming inhabits wet meadows, bogs, and fens within several
overstory habitat types (Foresman 2012), typically with extensive sphagnum
(Sphagnum spp.), willow (Salix spp.), or sedge. Given their dependence on wet
habitats, it follows that climate changes that decrease the amount of surface water
will have negative impacts on lemmings. Therefore, management practices that
maintain surface water may be beneficial, although documented studies of climate
and management effects are lacking.

8.3.7 Pronghorn (Antilocapra americana)

The pronghorn (Antilocapra americana) is an ungulate native to the prairies, shrub-
lands, and deserts of the western United States, occupying a broad range of climatic
conditions from southern Canada to Mexico. Pronghorns are prone to epizootic
diseases, notably bluetongue (a viral disease transmitted 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.

8.3.8 Pygmy Rabbit (Brachylagus idahoensis)

The pygmy rabbit is one of the smallest leporids in the world and is endemic to big
sagebrush (Artemisia tridentata), which provides food and cover. In southeastern
Idaho, pygmy rabbits were associated with higher woody cover and height than
other areas, with fewer grasses and more forbs. Sagebrush was 51% of summer diet
and 99% of winter diet (Green and Flinders 1980). Areas used by pygmy rabbits
accumulate relatively high snowpack, and rabbits use the subnivean environment to
access food and avoid predators. 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).

Processes that reduce the size and density of sagebrush are likely to have nega-
tive effects on pygmy rabbits, and processes that fragment sagebrush stands may
decrease habitat quality. For example, Pierce et al. (2011) found that burrows,
observed rabbits, and fecal pellets decreased in density with proximity (<100 m) to
edges. Big sagebrush is sensitive to fire, and 100% mortality and stand replacement
after burning are common (Davies et al. 2011; Chap. 6). Recruitment of mountain
big sagebrush (A. tridentata ssp. vaseyana) relies on wind dispersal of seeds from
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adjacent seed sources and on composition of the soil seed bank. Mountain big sage-
brush required 13-27 years after spring prescribed burning to return to conditions
suitable for pygmy rabbit habitat (Woods et al. 2013).

Climatic variability has affected sagebrush communities and pygmy rabbits in
the past (Grayson 2000), and this will probably happen again in the future. First,
pygmy rabbits depend on a single species (sagebrush) and habitat condition (tall,
dense stands). Second, pygmy rabbit habitat is sensitive to altered disturbance,
especially wildfire. Finally, changes in winter snow depth could affect overwinter
survival by altering protection provided by the subnivean environment.

8.3.9 Townsend’s Big-Eared Bat (Corynorhinus townsendii)

Climate change can affect foraging, drinking water availability, and timing of hiber-
nation in bats (Sherwin et al. 2013). Townsend’s big-eared bats generally require
caves for diurnal, maternal, and hibernation roosting, although they also use large
tree cavities, buildings, and bridges and forage for insects along riparian and forest
edge habitats (Fellers and Pierson 2002). This species does not produce concen-
trated urine and therefore requires daily access to water sources (Gruver and Keinath
2003).

Bioaccumulation of pesticides in fat tissue is one cause of declines in Townsend’s
big-eared bat populations (Clark 1988). Bats are especially sensitive to human dis-
turbance during hibernation. In Colorado, reproductive success of Myotis spp.
decreased during warm, dry conditions (Adams 2010), although warmer spring
temperatures have led to earlier births and higher juvenile survival (Lucan et al.
2013). Higher summer precipitation may reduce reproductive success, and increased
warming may reduce effectiveness of some bat echolocation calls (Luo et al. 2014).

8.3.10 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) have broad ranges in
North America, indicating a high degree of habitat flexibility. Habitat use by elk in
forested areas is associated with edges that contain high quality forage and nearby
forest cover. In open habitats, they select areas of high vegetative diversity with
intermixed patches of shrubs and grasslands (Sawyer et al. 2007). Both types of
habitat are favored by disturbances with spatial heterogeneity at fine scales.

Mule deer have larger home range sizes in areas with few large patches and
smaller sizes in fine-grained vegetation mosaics (Kie et al. 2002). Fine-grained dis-
turbance mosaics are optimal for white-tailed deer, especially in areas where ther-
mal cover is important. In the Northern Rockies, thermal cover prevents heat loss
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Fig. 8.4 Ungulates generally respond positively to wildfires that create patchy habitat with
improved forage, as shown in this photo of an elk browsing in a recently burned lodgepole pine
forest (Photo by Jeff Henry, National Park Service)

during winter, although in warmer climates, thermal cover reduces daytime
heating.

Ungulates respond positively to disturbance, with wildfire intensity affecting
both species composition and patchiness in the postfire landscape (Fig. 8.4).
Vegetation growth after disturbance is especially 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 ungu-
lates the exact nature of those changes will be critical. For example, in the Greater
Yellowstone Area subregion, if climate change causes more frequent fires, then the
landscape will be patchier compared to the current condition, and the distribution
and abundance of forest species could change. In the long term, the effects of altered
vegetation on ungulate populations are uncertain, and it is likely that there will be
both positive and negative consequences.

8.3.11 Wolverine (Gulo gulo)

The wolverine is the largest mustelid, occurring 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, populations occupy peninsu-
lar extensions of temperate montane forests. Wolverines den in snow, with deep
snow throughout the denning period being essential (Magoun and Copeland 1998).
A proxy for spring snowpack (areas where snow persisted through mid May)
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effectively describes den site selection, current range limits, and year-around habi-
tat use at the southern periphery of their range (Copeland et al. 2010). Because
wolverines travel within these same areas when dispersing and minimize travel
through low-elevation habitat (Schwartz et al. 2009), it is possible to project cur-
rent 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, projecting changes in wolverine habitat
and connectivity associated with future landscapes. In the Columbia and Upper
Missouri River Basins, snowpack was projected to decrease 35% and 24%, respec-
tively, for spring snow by the mid-twenty-first century, and 66% and 51%, respec-
tively, 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 significant spring snow
(McKelvey et al. 2011). A connectivity model (Schwartz et al. 2009) in conjunction
with ensemble climate model projections indicated that all remaining habitat blocks
would likely be genetically isolated by the end of the twenty-first century (McKelvey
etal. 2011). A continuing reduction in spring snow, a pattern that has been ongoing
since the 1950s (Mote et al. 2005), will reduce the amount of suitable habitat for
wolverines.

8.3.12 Brewer’s Sparrow (Spizella breweri)

Brewer’s sparrow is a sagebrush obligate during the nesting period, preferring tall,
dense stands of sagebrush (Fig. 8.5). In many areas, Brewer’s sparrows are the most
abundant bird species (Norvell et al. 2014). The obligate relationship of Brewer’s
sparrow with sagebrush lacks causal explanations (Petersen and Best 1985).
Therefore, correlative associations can be used to project climate change effects, but

Fig. 8.5 Sagebrush-
obligate species such as
Brewer’s sparrow (shown
here) may have less nesting
habitat in the future if the
extent of mature sagebrush
habitat is reduced by
wildfire (Photo by Paul
Higgins, www.utahbirds.
org)
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we cannot speculate on the flexibility of this species to shift to other shrub species.
Brewer’s sparrows exhibit some flexibility in nesting locations, shifting sequential
nests in response to previous predation (Chalfoun and Martin 2010).

Brewer’s sparrow populations appear stable range-wide, although they have been
in decline in some areas in Colorado (USGS 2013). Although Brewer’s sparrows
select 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). In general, the effects of climate change on
Brewer’s sparrows will depend on changes in the distribution, abundance,
composition, and structure of sagebrush communities. Increased wildfire is expected
to reduce the distribution, abundance, and age of sagebrush stands in a warmer
climate.

8.3.13 Flammulated Owl (Otus flammeolus)

The flammulated owl is a small nocturnal owl] that is migratory but breeds in mon-
tane areas across much of western North America. A cavity nester associated with
mature forests with large diameter trees, it is also associated with open forests com-
posed of multiple tree species. This species is thought to be an obligate secondary
cavity nester, although it has been anecdotally observed to nest in the ground
(Smucker and Marks 2013). Flammulated owls feed almost exclusively on insects,
primarily Lepidoptera (Linkhart et al. 1998). During the nesting period, males are
single-trip, central-place foragers, so the energetics of prey selection are important,
with distance traveled and energy content of prey differing by forest type.

The extensive latitudinal range of flammulated owls, lack of specific forest asso-
ciations, and generalized insect diets provide few clues about sensitivity to a warmer
climate. Potential effects of climate change would most likely be through distur-
bance processes that remove large diameter trees. Shifts to denser forest structure
would be a concern, but this is unlikely because drought and wildfire are projected
to increase throughout the Northern Rockies (Chap. 5). Like other long-lived owl
species, flammulated owls will require a high rate of adult survival to persist in
future habitats (Noon and Biles 1990).

8.3.14 Greater Sage-Grouse (Centrocercus urophasianus)

The greater sage-grouse is the largest grouse in North America (Mezquida et al.
2006). An obligate with sagebrush habitat, its current distribution is about half of its
pre-settlement range (Schroeder et al. 2004), and many populations have been
steadily declining in recent decades (Connelly and Braun 1997). Declines in sage-
grouse in areas still dominated by sagebrush have been attributed to sagebrush
removal through land conversion, nonnative plants (Wisdom et al. 2002), energy
exploration and extraction (Braun et al. 2002), grazing (Beck and Mitchell 2000),
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and altered fire regimes (Connelly et al. 2000). West Nile virus has also been a
stressor (Naugle et al. 2004).

A recent climate change assessment for greater sage-grouse concluded that the
cumulative effects of projected climate change on sagebrush and West Nile virus
transmission would reduce suitable sage-grouse habitat in the Northern Rockies and
northern Great Plains (Schrag et al. 2011). Because sage-grouse require large areas
of mature sagebrush, future increases in wildfire are expected to significantly reduce
habitat. Another assessment, focused on southeastern Oregon, concluded that in the
near term, loss of sagebrush from wildfire and cheatgrass (Bromus tectorum) inva-
sion will lead to habitat deterioration in future decades (Creutzburg et al. 2015).
However, the same study also projected that native shrub-steppe communities would
increase by around 2070, leading to habitat improvement.

8.3.15 Harlequin Duck (Histrionicus histrionicus)

Harlequin ducks in the intermountain West breed and summer on fast-flowing
mountain streams and winter on rocky coastal areas. During summer, they feed pri-
marily 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. In Glacier National Park, harlequin duck reproduc-
tive success declined with higher and less predictable streamflows (Hansen 2014),
conditions that are expected to be more common in a warmer climate (Chap. 3).

8.3.16 Mountain Quail (Oreortyx pictus)

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. In the northwestern United States, its range extends into deep canyons such
as Hells Canyon of the Snake River, where populations have been declining (Pope
and Crawford 2004). Population studies have focused on survival, but connections
to climate-related change are minimal. Climate-related variables are, however,
important to survival, with lower survival being linked to both hot, dry conditions
and cold winter weather (Stephenson et al. 2011).

8.3.17 Pygmy Nuthatch (Sitta pygmaea)

The pygmy nuthatch, a tiny bird found throughout western North America, is a cav-
ity nester, often associated with ponderosa pine forests, but also found in other for-
est types such as quaking aspen (Populus tremuloides). Pygmy nuthatches can
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exhibit a social structure of cooperative breeding in which “helpers” aid breeding
birds by feeding the incubating female, feeding nestlings and fledglings, and defend-
ing nesting territory (Sydeman et al. 1988).

The pygmy nuthatch nests in cavities in both live and dead trees, and population
responses to disturbance are modest. For example, population densities across a
variety of thinning and fuel treatments remained constant except in thin-and-burn
treatments, where densities increased over 500% (Hurteau et al. 2008). In another
study, nuthatches showed a negative response one year after wildfire, but a neutral
response in subsequent years (Saab et al. 2007). Given its apparent neutral response
to disturbance, flexibility in habitat, and wide latitudinal range, it is difficult to proj-
ect whether pygmy nuthatch will respond positively or negatively to climate change.
Conversion of forest to non-forest can reduce habitat, but climate change is unlikely
to cause significant population reductions.

8.3.18 Ruffed Grouse (Bonasa umbellus)

The ruffed grouse has a primarily boreal distribution that includes peninsular exten-
sions into the Rocky Mountains and Appalachian Mountains. Ruffed grouse are
commonly found in aspen forest, which provides important food sources (Stauffer
and Peterson 1985), and 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. Although higher
temperature is 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 competition from conifers. If climate change leads to decreased extent
of aspen in the Northern Rockies, reduced habitat would have detrimental effects on
ruffed grouse populations. Fortunately, good options exist to mitigate these changes
through silviculture that favors aspen over conifers, and through active manipula-
tion of stand densities and ages.

8.3.19 Columbia Spotted Frog (Rana luteiventris)

Columbia spotted frogs breed in montane ponds throughout western North America.
The effects of climate change on these frogs are unclear. In Utah, they were 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), and throughout
their range, populations in large stable water bodies were healthy, whereas those in
more ephemeral ponds were subject to rapid declines (Hossack et al. 2013). In
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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 persistent water sup-
plies, and are capable of rapid population expansion into restored wetlands (Hossack
et al. 2013). However, the amphibian chytrid fungus (Batrachochytrium dendroba-
tidis, or Bd), is prevalent in many populations (Russell et al. 2010), and warmer
water would favor Bd in most systems (see section on western toad below). Although
the fungus is common, the population-level effects of infection are unclear.

8.3.20 Western Toad (Anaxyrus boreas)

The western toad is a montane amphibian broadly distributed across the western
United States; in the southern Rocky Mountains, the subspecies boreal toad (A. b.
boreas) is recognized. Western toads have declined in some locations, particularly
at the southern extent of their range (Corn et al. 2005). This species suffers from Bd,
which is often fatal. Laboratory studies of Bd have found that it grows optimally at
17-25 °C, and colonies are killed at 30 °C (Piotrowski et al. 2004). Although Bd can
grow in temperatures as cold as 4 °C, warmer water 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, low-elevation sites (Muths
et al. 2008). A warmer climate may allow Bd to spread to higher elevations and
become even more widespread, although the susceptibility of western toads is
uncertain, because increased mortality is not always associated with high infection
rates.

8.4 Adapting Wildlife and Wildlife Management to Climate
Change

Adaptation to climate change for wildlife resources in the Northern Rockies focused
on maintaining adequate habitat and healthy wildlife populations, and increasing
knowledge of species needs and climate sensitivities. In each workshop conducted
by the Northern Rockies Adaptation Partnership (Chap. 1), participants identified
major habitats in their subregion, then developed adaptation strategies for species
they regarded as important and for which they believed viable management options
exist. Here, we summarize adaptation options according to major habitats.

Riparian habitats are important across the Northern Rockies. The primary strat-
egy for improving riparian habitat resilience is maintaining healthy American bea-
ver populations. Beaver complexes can buffer riparian systems against low and high
streamflows, and provide habitat structure and foraging opportunities for multiple
species.
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Quaking aspen habitats are common in the four western subregions and occur
occasionally in the Grassland subregion. Aspen was identified as important because
of its high productivity, role in structural diversity, and habitat for cavity-nesting
birds. In the Greater Yellowstone Area, ruffed grouse was identified as strongly tied
to aspen habitats. Reduced distribution and abundance of aspen is projected for
some locations (especially lower elevation) in a warmer climate (Chap. 5). The most
common tactics for promoting aspen resilience are allowing wildfire to burn or
using prescribed fire in older aspen stands, protection from grazing, and reducing
conifer encroachment in stands of any age.

Dry ponderosa pine forests are common in the Central Rockies and Eastern
Rockies subregions, providing habitat for cavity-nesting birds such as the flammu-
lated owl. These habitats have experienced encroachment by Douglas-fir as a result
of fire exclusion, increasing vulnerability of pine to future fires. Tactics for promot-
ing ponderosa pine resilience include reducing competition from Douglas-fir
through understory burning and cutting, protecting mature stands, and planting pon-
derosa pine where it is no longer common.

The Western Rockies and Central Rockies subregions support older, mesic for-
ests because they experience a maritime climate influence. These forests, which
provide habitat for fisher, may have younger age classes (caused by increased dis-
turbance; Chap. 7) and different species composition in a warmer climate (Chap. 5).
Adaptation strategies include restoring historical structure, conserving current
structure, and promoting potential future mesic forest habitats.

Mountain sagebrush-grassland habitat occurs in all subregions except the
Grassland. In the Western Rockies subregion, these habitats have less of a sagebrush
component, occur in steep mountain canyons, and support populations of mountain
quail. In a warmer climate, these habitats could lose some of their forb component,
making them vulnerable to increased abundance of nonnative species (Chap. 6).
Specific tactics for restoring historical habitat and maintaining current habitat
include assertively reducing sagebrush mortality from fire, controlling nonnative
species, and restoring formerly cultivated lands.

Sagebrush habitats are common in the Eastern Rockies, Greater Yellowstone
Area, and Grassland subregions, supporting greater sage-grouse, Brewer’s sparrow,
greater prairie chicken [Tympanuchus cupido], sharp-tailed grouse [T. phasianellus)
and pygmy rabbit, among other species. Tactics for maintaining adequate sagebrush
habitat include reducing sagebrush mortality from fire, controlling nonnative spe-
cies, preventing fragmentation, and restoring degraded habitat. 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.

In all subregions, independent of specific habitats, a better understanding of spe-
cies requirements and mechanisms of climate change effects is needed. In addition,
connectivity and the potential for disease may affect multiple habitats and species,
although climate sensitivities of diseases are not well understood. There was wide
agreement on the need to better understand the mechanisms of climate sensitivities
relative to life histories of individual species. Examples of tactics to accomplish this
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objective include analyzing female Canada lynx home ranges to determine the nec-
essary distribution and size of habitat patches, quantifying and monitoring pygmy
rabbit distribution, and understanding sagebrush succession following fire. The
influence of low-snow years on wolverine denning success is an example of a mech-
anistic relationship with climate that needs more data.

Connectivity was considered an important conservation strategy for most species
in the Northern Rockies, although climate influences on connectivity are uncertain.
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 that would improve maintenance of connectiv-
ity include monitoring with genetic, tracking, and remote-sensing tools; identifying
dispersal habitats; and identifying and removing barriers to connectivity.

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, monitoring disease trends in moose, and coordinat-
ing with state agencies to monitor West Nile virus.
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Chapter 9
Effects of Climate Change on Recreation
in the Northern Rockies

Michael S. Hand and Megan Lawson

Abstract 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 autumn “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 engage
in more water-based activities in lakes and rivers in order to seek 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 prod-
ucts (e.g., berries, mushrooms), depending on how target habitats and species are
affected.

Recreationists are expected to be highly adaptable to a warmer climate by shift-
ing 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 rec-
reationists 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.
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9.1 Introduction

Lands administered by federal agencies and other organizations provide opportuni-
ties for outdoor recreation as an important benefit throughout the Northern Rockies.
National forests in the U.S. Forest Service (USFS) Northern Region and Greater
Yellowstone Area have 13.3 million visits per year; Yellowstone, Grand Teton, and
Glacier National Parks have an additional 8 million visits per year (NPS 2014).
Recreation opportunities in national forests and national parks are diverse in both
type and location, with recreation experiences being largely inseparable from eco-
systems and natural features. Natural and ecological conditions help determine the
overall recreation experience, regardless of whether it consists of skiing, hiking,
hunting, camping, visiting developed sites, exploring the backcountry, or simply a
driving tour.

Climatic conditions and environmental characteristics determine the availability
of and demand for recreation opportunities (Shaw and Loomis 2008). Changing
climate may affect the supply of and demand for recreation opportunities, causing
potential changes in visitation patterns, experiences, and benefits in the future. It has
been suggested that climate change will increase outdoor recreation participation in
general (Bowker et al. 2013), primarily because of increased summer and warm-
weather activities outweighing decreased winter activities (Loomis and Crespi
2004; Mendelsohn and Markowski 2004). Variability can be expected both spatially
and at seasonal and much longer time scales.

In a warming climate, federal land managers will face a complex and evolving
challenge of managing recreation opportunities as ecological conditions and recre-
ational preferences change. Investments in recreation infrastructure and facilities
maintenance, and decisions about recreation development contribute to recreational
setting and the kinds of recreational opportunities that are available. Federal agen-
cies often classify these opportunities using the Recreation Opportunity Spectrum
(ROS), which has been used in planning and management for decades (Clark and
Stankey 1979). Recreation visitor behavior and values can be mapped in the ROS,
providing managers with information about tradeoffs associated with different types
of investments and development (Rosenthal and Walsh 1986; Swanson and Loomis
1996).

Although broad trends in recreation participation under climate change are
expected, little is known about how recreation in the Northern Rockies will change.
This chapter describes the broad categories of recreation activities that may be sen-
sitive to climate-related changes in the Northern Rockies, using the available scien-
tific literature to infer projected effects of climate change on recreation
participation.
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9.2 Relationships Between Climate Change and Recreation

Supply and demand for recreation opportunities are sensitive to climate via two
general pathways: (1) direct effects of altered temperature and precipitation on
availability and quality of recreation sites, and (2) indirect effects of climate on
characteristics and ecological condition of recreation sites (Loomis and Crespi
2004; Mendelsohn and Markowski 2004; Shaw and Loomis 2008) (Fig. 9.1).
Direct effects of altered climate will affect most outdoor recreation activities in
some manner, especially for skiing and other snow-based activities that depend on
seasonal temperatures and the amount, timing, and availability of snow (Irland et al.
2001; Englin and Moeltner 2004; Stratus Consulting 2009). Warm-weather activi-
ties are also sensitive to direct effects of climate change. For example, higher mini-
mum temperatures have been associated with increased national park visits in
Canada, particularly during non-peak “shoulder” seasons (Scott et al. 2007). Number
of warm-weather days is positively associated with expected visitation for national
parks in the United States, although visitation may decline during extreme heat
(Richardson and Loomis 2004; Bowker et al. 2012). Temperature and precipitation

Global climate changes

Timing, amount, and Maximum and minimum Occurrence of extreme
phase of precip. daily temperatures events
- 3
1
1
W y
Changes in site SO Recreation decisions
characteristics and quality
Vegetation .
Wildlife Participate (Y/N)

Water flows/levels
Disturbances (e.g., fire)
Site availability Equipment and investments
Setting

Unique features (e.g., glaciers)

Frequency and duration

——> Direct pathway

_____ Indirect pathway ctivity and site choice

Fig. 9.1 Direct and indirect effects of climate on recreation decisions
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will also affect the recreation experience (comfort, enjoyment) (Mendelsohn and
Markowski 2004).

Indirect climate effects affect recreation activities that depend on additional
ecosystem components, such as vegetation, surface water, and wildlife. Fishing
for native cold-water species is expected to decrease as stream temperature
increases, especially at lower elevation, where fish habitat will be degraded the
most (Jones et al. 2013; Chap. 4). Surface water and streamflows are important for
water-based recreation (e.g., boating), and forested area affects several outdoor
activities (e.g., camping and hiking) (Loomis and Crespi 2004). Recreation visits
to sites with valued natural characteristics (e.g., glaciers, charismatic wildlife spe-
cies) (Chaps. 3, 8) or scenic qualities may decrease if the quality of those charac-
teristics are threatened (Scott et al. 2007). Indirect effects of climate on
disturbances, especially wildfire (Chap. 7), may also affect recreation behavior,
although spatial and temporal patterns of recreation response will probably vary
across the Northern Rockies (Englin et al. 2001).

9.3 QOutdoor Recreation in the Northern Rockies

People participate in a wide variety of outdoor recreation activities in the Northern
Rockies. The National Visitor Use Monitoring (NVUM) survey, administered by
the USFS to monitor recreation visitation and activity in national forests, identifies
27 recreation activities in which people participate. Visitors are sampled 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. Interviewees are selected at random, and are asked about different categories
of travel-related spending within 80 km of the interview site (English et al. 2001).
NVUM surveys include 25% of national forests in each region each year, so each
unit is re-surveyed every 4 years. In this analysis, we used the most recent data
available for each national forest, ranging from 2008 to 2012 (Fig. 9.2).

To assess how recreation patterns may change in the Northern Rockies, we iden-
tified categories of outdoor recreation expected to be sensitive to climate change.
We defined a recreation activity as sensitive if changes in climate or climate-related
conditions would potentially affect demand or supply for the activity. The 27 recre-
ation activities in the NVUM survey were grouped into five climate-sensitive cate-
gories of activities, plus an “other” category of activities that are less sensitive to
climate changes. Activities that comprise climate-sensitive categories are summa-
rized in Table 9.1. These categories capture the most common types of recreation in
public lands that would be affected by climate changes.

These 17 activities identified account for the primary recreation activities of 83%
of visits to national forests in the Northern Rockies. Activities in the “Other” cate-
gory are less sensitive to climate and are less frequently listed as a primary recre-
ation activity. Warm-weather activities are the most popular (35.9% of visitors,
4.8 million per year), including hiking/walking, viewing natural features, developed
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Fig. 9.2 Increased extent and severity of wildfires in a warmer climate will create forest condi-
tions that may affect decisions by recreationists about hiking and other recreational activities
(Photo courtesy of Dave Pahlas, http://IdahoAlpineZone.com)

and primitive camping, bicycling, backpacking, horseback riding, picnicking, and
other non-motorized uses (Table 9.1). Hiking/walking was the most popular for
16.9% of visitors (2.2 million). Snow-based winter recreation was also popular
(25% of visitors, 3.3 million), including downhill skiing, cross-country skiing, and
snowmobiling. Wildlife-related activities, including hunting, fishing, and viewing
wildlife, were the primary activity for 18.5% of visitors (2.5 million); hunting was
the most popular with 11% of visitors (1.5 million). Gathering forest products, such
as berries and mushrooms, was the primary activity for 2.4% of visitors (300,000).
Motorized and non-motorized water activities (other than fishing) comprised 0.7%
of visitors (97,000) (Fig. 9.3).

Non-local visitors (who live >50 km from the forest boundary) spent $601 mil-
lion (in 2014 dollars) per year within 80 km of national forest boundaries (Table 9.2).
This represents money spent in local communities that would not have occurred
except for the motivation to recreate. Lodging expenses comprise 31% of total
expenditures, followed by restaurants (18%), gas and oil (17%), and groceries
(12%). Expenditures for other transportation, activities, admissions and fees, and
souvenirs comprise 21% of spending.
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Table 9.1 Participation in recreational activities in national forests in the Northern Rockies

Visitors for whom this
was their primary activity

Relationship to climate and environmental

Activity Number Percent | conditions
Warm-weather 4,770,616 359 Participation occurs during warm weather,
activities dependent on the availability of snow- and
Hiking/walking | 2,248,171 16.9 ice-free sites, dry weather with moderate
Viewing natural | 1,136,245 8.6 daytime temperatures, and availability of sites
features where air quality is not impaired by smoke from
Developed 375,174 2.8 wildfires.
camping
Bicycling 286,707 22
Other 265,476 2.0
non-motorized
Horseback 168,175 1.3
riding
Picnicking 164,638 1.2
Primitive 74,876 0.6
camping
Backpacking 51,154 0.4
Winter activities | 3,318,426 25.0 Participation depends on timing and amount of
Downhill skiing | 1,695,621 12.8 precipitation as snow, and cold temperatures to
Snowmobiling 843778 6.4 §upp0rt snow coverage. ".Fhes.e actiyiti§§ are
Cross-country 779.027 59 %nherently sensitive to climatic variability and
. interannual weather patterns.
skiing
Wildlife 2,452,053 18.5 Temperature and precipitation are related to
activities habitat suitability through effects on vegetation,
Hunting 1,503,520 113 productivity of food sources, species
Fishing 708,589 53 interactions, and water quantity and temperature
— P (for aquatic species). Disturbances (wildland
Viewing wildlife |240,944 1.8 fire. i . L
re, invasive species, insect outbreaks) may
affect amount, distribution, and spatial
heterogeneity of suitable habitat.
Gathering forest | 313,475 24 Depends on availability and abundance of target
products species (e.g., berries, mushrooms), which are
related to patterns of temperature, precipitation,
and snowpack. Disturbances may alter
availability and productivity of target species in
current locations and affect opportunities for
species dispersal.
Water-based 96,643 0.7 Participation requires sufficient water flows (in

activities (not
including
fishing)

streams and rivers) or levels (in lakes and
reservoirs). Typically considered a warm-
weather activity, and depends on moderate
temperatures and snow- and ice-free sites. Some
participants may seek water-based activities as a
heat refuge during periods of extreme heat.

From USFS (n.d.)
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Fig. 9.3 As snowpack decreases, opportunities for cross-country skiing at low elevation (shown in
the Beaverhead-Deerlodge National Forest) may be available for shorter periods of time (Photo
courtesy of U.S. Forest Service)

9.4 Assessing the Vulnerability of Recreation to Climate
Change

The overall effect of climate change on recreation activity is likely to be an increase
in participation and increase in the benefits derived from recreation. This is because
warmer temperatures and increased season length will facilitate warm-weather
activities, outweighing decreased winter activities that depend on snow and cold
temperatures (Mendelsohn and Markowski 2004). However, these general findings
obscure variation in recreation between types of activities and geographic locations.
Here we assess the projected effects of climate on climate-sensitive recreation activ-
ities in the Northern Rockies, based on (1) reviews of existing studies of climate
change effects on recreation and studies of how recreation behavior responds to
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Table 9.2 Total annual expenditures by visitors to national forests in the Northern Rockies

Non-local spending® Local spending

Total annual Spending per | Total annual Spending per

expenditures category expenditures category

Thousands of $

Spending category Thousands of $ Percent (2014) Percent
Lodging (2014)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 | 3013 1 1059 0
Activities 36,376 6 14,195 6
Admissions, fees 39,482 7 19,103 8
Souvenirs 48,839 8 28,075 12
Total 601,128 230,562

From USFS (n.d.)
“Non-local refers to trips that required traveling more than 80 km

Fig. 9.4 Algal blooms (shown in Hayden Lake, Idaho) may be more common in a warmer climate,
creating undesirable conditions for water-based recreation (Photo courtesy of Idaho Department of
Environmental Quality)
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climate-sensitive ecological characteristics, and (2) projections of climate-related
biophysical changes described in other chapters in this volume (Fig. 9.4).

9.4.1 Current Conditions and Management

Public lands in the Northern Rockies provide an abundance and variety of recre-
ational options, with opportunities for people of all interests and abilities.
Opportunities range from high-use developed sites near urban areas and popular
tourist destinations, to remote wilderness and seldom-used sites far from paved
roads. Facilities and services vary; some sites are developed with modern amenities
and staffed by agency employees, and others have little evidence of human influ-
ence other than a trailhead.

Wide variation in intra-annual and interannual weather and ecological conditions
are normal, including broad variation in temperature, precipitation, water flows and
levels, wildlife distributions, vegetative conditions, and wildfire activity. Most recre-
ationists are already accustomed to making decisions about participating in recre-
ation activities that incorporate a significant degree of uncertainty about conditions
at different time scales (e.g., planning for a hike next week vs. planning for a ski trip
next winter). Social factors, biogeographic conditions, and stressors all affect recre-
ation in the Northern Rockies. Increased population, particularly in proximity to pub-
lic lands, can strain visitor services and facilities due to increased use, and projected
population increases in the future may exacerbate these effects (Bowker et al. 2012).
Increased use caused by population growth can also reduce site quality because of
congestion or damage at popular sites (Yen and Adamowicz 1994). Changes in land
use may alter access to public lands, contribute to fragmentation of landscapes and
habitat, and potentially alter disturbance regimes that affect recreation activities.

The physical condition of recreation sites and natural resources is dynamic, with
variation caused by both human and natural forces. Recreation sites and physical
assets need maintenance, and deferred or neglected maintenance may increase con-
gestion at other sites that are less affected or increase hazards for visitors who con-
tinue to use degraded sites (USFS 2010). This stressor may interact with others,
such as population growth and maintenance needs, if degraded site quality or con-
gestion 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 also
affect recreation opportunities. For example, wildfire affects recreation demand as
related to site quality and characteristics, but can also damage physical assets or
exacerbate other natural hazards such as erosion (Chaps. 3, 11).

Recreation is an important component of the broader mission of public land
management in the Northern Rockies. For lands managed by the USFS, sustainable
recreation is a guiding principle for planning and management, seeking to “sustain
and expand benefits to America that quality recreation opportunities provide”
(USFS 2010, 2012b). Recreational resources are managed to connect people with
natural resources and cultural heritage, and to adapt to changing social needs and
environmental conditions.
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9.4.2 Warm-Weather Activities

Warm-weather activities are the most common recreation activities in national for-
ests and national parks in the Northern Rockies, comprising over one-third of all
visits. Warm-weather recreation is sensitive to the length of appropriate season,
depending on availability of snow- and ice-free trails and sites, and the timing and
number of days having temperatures within minimum and maximum comfortable
range (which may vary with activity type and site). The number of warm-weather
days is a significant predictor of expected visitation behavior (Richardson and
Loomis 2004), and studies of national park visitation show that minimum tempera-
ture is a strong predictor of monthly visitation patterns (Scott et al. 2007).

Participants are also sensitive to site quality and characteristics, such as the pres-
ence and abundance of wildflowers, trail conditions, and vegetation (e.g., cover for
shade, wildfire effects). The condition of unique features that are sensitive to cli-
mate changes (e.g., glaciers) affects the desirability of certain sites (Scott et al.
2007). Forested area is positively associated with warm-weather activities, such as
camping, backpacking, hiking, and picnicking (Loomis and Crespi 2004), and is
sensitive to a warmer climate (USFS 2012a).

Wildfire can affect participation in warm-weather activities through changes to
site quality and characteristics. The presence of burned forest areas can have differ-
ent effects on the value of hiking trips (positive) and mountain biking (negative),
although recent wildfire activity tends to decrease the number of visits (Englin et al.
2001; Loomis et al. 2001; Hesseln et al. 2003, 2004). High-severity fires are associ-
ated with decreased visitation, whereas low-intensity fires are associated with slight
increases in visitation (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) that are attenu-
ated 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). Potential increases in the likelihood of
extreme wildfire activity may reduce demand for warm-weather activities in certain
years because of degraded site conditions, impaired air quality from smoke, and
limited site access during and after fire management activities.

Demand for warm-weather activities is expected to increase because of a direct
effect of warmer climate on season length, resulting in earlier availability of snow-
and ice-free sites and an increase in the number of warm-weather days in spring and
autumn. For example, higher minimum temperatures 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 expected to reduce visitation (Richardson and
Loomis 2004; Bowker et al. 2012). The temperature that is considered “extreme”
may vary between individuals and chosen activities. Extreme heat may shift demand
to cooler weeks at the beginning or end of the warm-weather season, or shift demand
to sites that are less exposed to extreme temperature (e.g., higher elevations).
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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 investments (e.g., appropriate gear). However, benefits derived from recre-
ation may decrease even if substitute activities or sites are available (Loomis and
Crespi 2004). Access to alternative sites may involve higher costs (because of
remoteness or difficulty of terrain) or higher congestion if demand is concentrated
among fewer desirable locations. Although the ability of recreationists to substitute
sites and activities is well established, it is unclear how people substitute across time
periods or between large geographic regions (e.g., choosing a site in the Northern
Rockies instead of the Northwest) (Shaw and Loomis 2008).

9.4.3 Cold-Weather Activities

Winter recreation sites in the Northern Rockies contain a wide range of characteris-
tics, attracting local, national, and international visitors. Several sites support devel-
oped downhill skiing and snowboarding operated by special-use permit on lands
administered by the USFS. Sites for cross-country skiing, snowshoeing, and snow-
mobiling are generally maintained directly by the USFS, and national parks also
provide access for these activities.

Snow-based recreation is very sensitive to variations in temperature and the
amount and timing of snow. Seasonal patterns of temperature and snowfall deter-
mine the viability and length of recreation seasons (Scott et al. 2008). Lower tem-
peratures 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 may affect winter recreation, but are
expected to be relatively small.

Climate change will have negative effects on snow-based winter activities in the
Northern Rockies, although effects will vary by site and especially by elevation.
Warmer projected winter temperature for the region will reduce the proportion of
precipitation as snow, even if total precipitation does not differ from historical
amounts (Chap. 3). The rain-snow transition zone will move to higher elevations,
particularly in late autumn and early spring (Klos et al. 2014), putting lower eleva-
tion sites at risk of shorter or non-existent winter recreation seasons. The highest
elevation areas in the region are expected to remain snow-dominated through the
end of the twenty-first century.

Studies of the ski industry in North America uniformly project negative effects
of climate change (Scott and McBoyle 2007). Overall warming will reduce season
length and likelihood of reliable winter recreation seasons. Climatological projec-
tions for the Northern Rockies (Chap. 2) are consistent with studies of ski area
vulnerability to climate change in other regions, where projected effects of climate
change on skiing, snowboarding, and other snow-based recreation activities is nega-
tive (Scott et al. 2008; Dawson et al. 2009; Stratus Consulting 2009).
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Snow-based recreationists in the Northern Rockies have moderate capacity to
adapt to changing conditions, because many winter recreation sites exist in the
region. For minimally developed site activities (cross-country skiing, backcountry
skiing, snowmobiling, snowshoeing), recreationists may seek higher elevation sites
where snow is more likely to persist. Downhill skiing sites are fixed improvements,
although potential adaptations include snowmaking, higher elevation development,
and new run development (Scott and McBoyle 2007). Warmer temperature and
higher precipitation as rain may increase availability of water for snowmaking in the
near term, but warmer temperature also reduces the number of days when snow-
making is possible.

The Northern Rockies may have a comparative advantage in a warmer climate if
the duration of snow-based recreation is longer than in other regions. In that case,
recreationists may view recreation sites in the Northern Rockies as a substitute for
other regions (e.g., the Southwest), although inter-regional substitution patterns are
unclear (Shaw and Loomis 2008). Increased inter-regional substitution combined
with shorter seasons may result in concentrated demand at fewer sites on fewer
days, creating potential congestion.

9.4.4 Wildlife Activities

Wildlife recreation activities involve terrestrial or aquatic animals as a primary com-
ponent of the recreation experience. Wildlife recreation can involve consumptive
(e.g., hunting) or non-consumptive (e.g., wildlife viewing, birding, catch-and-
release fishing) activities, and depend on distribution, abundance, and population of
target species. These factors influence “catch rates,” that is, the likelihood of catch-
ing or seeing an individual of the target species. Sites with higher catch rates can
reduce costs associated with a wildlife activity (time and effort tracking targets),
enhancing enjoyment of recreation (e.g., more views of a valued species).

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

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
non-consumptive activities (Hay and McConnell 1979). Temperature and precipita-
tion are related to general trends in participation (Mendelsohn and Markowski
2004; Bowker et al. 2012), although the precise relationship may be specific to
activity and species. For example, hunting for deer and elk (Cervus elaphus) is
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enhanced by cold temperatures and snowfall to aid in tracking, field dressing, and
packing out animals.

Warmer temperature is expected to increase participation in terrestrial wildlife
activities in the Northern Rockies because more days will be available for recre-
ation. This concurs with previous documentation that hunting, birding, and viewing
wildlife are associated with warmer weather (Bowker et al. 2012). However, hunt-
ing that occurs during discrete seasons may depend on weather conditions during a
short period of time, and desirability of hunting may decrease if warmer weather
reduces snow cover at specific times.

Habitat for target species is a function of interactions among species dynamics,
vegetation, and disturbances, making it difficult to project the effects of climate
change on habitat in complex landscapes. Although vegetative productivity may
decrease in the future, effects on hunted species populations may be neutral, depend-
ing on size, composition, and spatial heterogeneity of vegetation used as forage
(Chap. 8). The effects of disturbances on target species harvest rates will vary con-
siderably depending spatial and temporal patterns of post-disturbance vegetation
and on animal species requirements.

Higher temperatures will decrease populations of native cold-water fish species
as climate refugia retreat to higher elevations (Chap. 4), with potential increases in
(nonnative) fish species that can tolerate warmer temperatures. However, it is
unclear if 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
change. Higher interannual variability in precipitation, extreme drought, and
reduced snowpack could lead to higher peakflows in winter and lower low flows in
summer, creating stress for fish populations. Increased incidence and severity of
wildfire may increase the likelihood of erosion that degrades aquatic habitat, degrad-
ing the quality of individual streams and potentially reducing the desirability of
angling as compared to other activities.

9.4.5 Gathering Forest Products

Gathering forest products for recreational purposes accounts for a small portion of
primary recreational activities in the Northern Rockies, although it is more common
as a secondary activity (e.g., as part of day hike). Forest products are also important
for cultural and spiritual uses. An avid population of enthusiasts for certain types of
products supports a small but steady demand for gathering activities. Small-scale
commercial gathering competes with recreationists for popular and high-value
products such as huckleberries (Vaccinium spp.) in some locations.

Forest product gathering is sensitive to climatic and vegetative conditions that
support the distribution and abundance of target species. Participation is compara-
ble to warm-weather recreation, depending on moderate temperatures and accessi-
bility of target sites. Vegetative change and increased interannual variation in
precipitation may alter the geographic distribution and productivity of target species
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(Chaps. 5, 6). Increased wildfires may eliminate sources of forest products in some
locations (e.g., berries), but in some cases may encourage short- or medium-term
productivity for other products (e.g., mushrooms). Long-term changes that reduce
forest cover may decrease viability of gathering in areas that transition to less pro-
ductive vegetation.

Recreationists engaged in forest product gathering may be able to select different
gathering sites as the distribution and abundance of target species changes, although
tradeoffs may exist, such as increased travel and expense. Those who engage in
gathering as a secondary activity can select alternate activities to complement pri-
mary activities. The magnitude of climate effects on forest product gathering is
expected to be low—it is generally not a primary activity, and users may be able to
substitute other sites or activities without much loss in recreational value. Longer
warm-weather seasons may increase opportunities for gathering, although these
changes may not correspond with greater availability of target species. The likeli-
hood of effects is expected to be moderate, although significant uncertainty exists
regarding direct and indirect effects on forest product gathering.

9.4.6 Water-Based Activities (Not Including Fishing)

Apart from angling, water-based activities are a small portion of primary recreation
activity participation on federal lands. Lakes and reservoirs provide opportunities
for both motorized and non-motorized boating and swimming, although boating is
commonly paired with fishing. Existing stressors include the occurrence of drought
conditions that reduce water levels and site desirability in some years, and distur-
bances that can alter water quality (e.g., erosion following wildfires).

Availability of desirable locations for water-based recreation is sensitive to
reduced water levels caused by warming temperatures, increased variability in pre-
cipitation (including severe droughts), and decreased precipitation as snow. Lower
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). Reduced surface-water area is associated with less participation in
boating and swimming (Loomis and Crespi 2004; Mendelsohn and Markowski
2004; Bowker et al. 2012), and streamflow is positively associated with number of
days spent rafting, canoeing, and kayaking (Loomis and Crespi 2004). Warmer tem-
perature is also generally associated with higher participation in water-based activi-
ties (Loomis and Crespi 2004; Mendelsohn and Markowski 2004), although extreme
heat may reduce participation (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 lake levels on federal lands (Chap. 3), which is associ-
ated with reduced site quality and suitability for some activities. Increased demand
for surface water by downstream users may exacerbate low water levels in drought
years. Warmer temperatures are expected to increase demand for water-based
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recreation as the viable season lengthens, and although extreme heat encourages
some people to seek water-based activities to cool off, it can also discourage partici-
pation 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
the effects of broad population and economic shifts (Bowker et al. 2012).

9.4.7 Summary

Several recreation activities in the Northern Rockies are considered sensitive to
direct effects of a warmer climate and indirect effects on site conditions and extreme
events (including disturbances) (Table 9.3). However, recreation activities are
diverse, and the effects of climate will vary widely between different activities and
across geographic areas within the region. Overall, participation in recreation activi-
ties is expected to increase, primarily because longer warm-weather seasons will

Table 9.3 Summary of climate change assessment for recreation in the Northern Rockies, where
positive (+) and negative (—) signs indicate expected direction of effect on overall benefits derived
from recreation activity

Likelihood
Magnitude of | of climate
Activity climate effect | effect Direct effects Indirect effects
Warm- Moderate (+) High Warmer temperature | Increased incidence,
weather (+), higher area, and severity of
activities likelihood of wildfire (+/—),
extreme increased smoke from
temperatures (—) wildfire (—)
Snow-based High (-) High Warmer temperature
winter (—), reduced
activities precipitation as
snow (—)
Wildlife Terrestrial Moderate Warmer temperature | Increased incidence,
activities wildlife: low (+), higher incidence | area, and severity of
(+); fishing: of low streamflow wildfire (terrestrial
moderate (—) (fishing -), reduced wildlife +/—), reduced
snowpack (hunting -) | cold-water habitat,
incursion of warm-
water tolerant species
(fishing -)
Gathering Low (+/-) Moderate Warmer temperature | More frequent wildfires
forest (+) (+/-), higher severity
products wildfires (—)
Water-based Moderate (+) Moderate Warming Lower streamflows and
activities (not temperatures (+), reservoir levels (—)
including higher likelihood of
fishing) extreme
temperatures (—)
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make more recreation sites available for longer periods of time. Increased participa-
tion in warm-weather activities will probably be offset to some extent by decreased
snow-based activities. Receding snow and shorter seasons in the future will reduce
the number of available days and sites for winter recreation.

Recreation demand is governed by several economic decisions with interacting
dependencies on climate. For example, decisions on whether to engage in winter
recreation, activity type (e.g., downhill vs. cross-country skiing), location, fre-
quency of participation, and duration of stay per trip depend on climatic and eco-
logical characteristics of recreation sites. Climatic effects on recreation depend on
spatial and temporal relationships between sites, as well as on biophysical condi-
tions, and human decisions.

The exact effects of climate on recreation sites and target species will be difficult
to predict across the Northern Rockies, although these effects will play a role in
recreation decisions for some activities. The adaptation response of recreationists is
also uncertain, because inter-regional and inter-temporal substitution behavior is
poorly understood (Shaw and Loomis 2008), although substitution will almost cer-
tainly be an important consideration. Many popular activities have several alternate
sites, or timing of visits can be altered in response to a warmer climate. However,
substitution may lead to reduced benefits if the alternate sites are more difficult or
costly to access, or provide a lower quality recreational experience.

9.5 Adapting Recreation and Recreation Management
to Climate Change

9.5.1 Adaptation by Recreation Participants

For the most part, warm-weather recreationists will benefit from a warmer climate
through a longer recreation season, and will not need to adapt significantly. If
extreme heat becomes more common, they have the option of selecting alternate
sites at higher elevation or perhaps near water. Increasing temperatures will have
significant negative effects on snow-based recreation, reducing season length and
possibly snow quality. Many skiers will have the option of going to other ski areas
(downhill skiing) or sno-parks (cross-country skiing) that have suitable snow, requir-
ing them to be aware of local conditions and often be willing to travel farther.

Water-based recreationists may adapt to climate change by choosing different
sites that are less susceptible to changes in water levels (e.g., by seeking higher-
elevation natural lakes) and changing the type of water-based recreation activity
(e.g., from motorized boating on reservoirs to non-motorized 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.
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Wildlife viewers may change the timing and location of viewing experiences and
target different species. They have more flexibility than hunters to shift timing to
coincide with appropriate weather conditions or species movements. Anglers may
adapt by choosing different species to target (e.g., shifting from cold-water to warm-
water species) and choosing sites that are less affected by higher temperatures (e.g.,
higher-elevation streams). The former is less costly, although some anglers may
place a high value on certain target species and have a lower willingness to target
warm-water species.

9.5.2 Adaptation by Federal Land Management

Resource managers may need to reconsider how infrastructure investments and
availability of facilities align with changing ecological conditions and demands for
recreation settings. The ROS can be used to match changing conditions and prefer-
ences with available opportunities. Adaptation may include responding to changing
recreation patterns, but also helping to shape the settings and experiences available
to recreationists on public lands.

Recreation managers have options for responding to changing patterns in warm-
season recreation demand in order to provide sustainable recreation opportunities.
A critical first step will be to assess changing patterns of use, then adjust as neces-
sary to increase capacity of recreation sites with higher use (e.g., campgrounds can
be enlarged, more signs and gates can be installed). Some adjustments may be
driven by increased congestion and resource damage, although expansion may be
limited in locations that have environmental constraints (e.g., USFWS 2013).
Timing of trail closures, food storage orders, and special-use permits may need to
be adjusted to ensure sustainable recreation programs. For example, the season for
whitewater rafting permits may need to be modified in response to altered
streamflows.

A general adaptation strategy for winter recreation is to transition recreation
management to address shorter winter recreation seasons and changing recreation
use. There may be opportunities to expand facilities into areas of concentrated use.
In addition, snow-based recreation can be diversified to include more snowmaking,
additional ski lifts, and higher-elevation runs. Adaptation tactics related to supply
and quality of winter recreation could result in tradeoffs with other activities, includ-
ing warm-weather access to high-elevation sites or effects of snowmaking on
streamflow.

Increased frequency of disturbances (fire, flooding) have the potential to cause
increased damage to infrastructure associated with recreation activities. Recreation
sites can be managed to decrease risks to public safety and infrastructure.
Assessments can be used to determine which sites and infrastructure are most at risk
from disturbance, and strategic investments can be made to ensure that facilities are
sustainable in the future and accommodate changing use.
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Chapter 10
Effects of Climate Change on Ecosystem
Services in the Northern Rockies

Travis Warziniack, Megan Lawson, and S. Karen Dante-Wood

Abstract Ecosystem services are increasingly valued on federal lands, beyond just
their economic value. Climate change effects will vary greatly within different sub-
regions 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, including annual water yield, water
quality, wood products, minerals and mineral extraction, forage for livestock, view-
sheds and air quality, regulation of soil erosion, and carbon sequestration.

Although annual water yield is not expected to change significantly, timing of
water availability will likely shift, and summer flows may decline. These changes
may result in some 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 also decrease in some locations if wildfires and floods increase, adding
sediment to rivers and reservoirs. Hazardous fuel treatments, riparian restoration,
and upgrading of hydrologic infrastructure can build resilience to disturbances that
damage water quality.

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
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will be in demographic groups at risk for respiratory and other medical problems on
days with poor air quality. Hazardous fuel treatments can help build resilience to
disturbances that degrade air quality.

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 emis-
sions. Hazardous fuel treatments can help build resilience to disturbances that rap-
idly oxidize carbon and emit it to the atmosphere.

Keywords Water yield « Water quality ®* Wood products ¢ Minerals ® Viewsheds ¢
Air quality ¢ Soil erosion ¢ Carbon sequestration * Climate change ¢ Adaptation °
Ecosystem services ® Social vulnerability ¢ Rocky Mountains ® Natural capital

10.1 Introduction

Ecosystem services are benefits to people from the natural environment, including
timber for wood products, clean water for downstream users, recreation opportuni-
ties, and spiritual and cultural connection to the environment and natural resources.
As stated by Collins and Larry (2007), “An ecosystem services perspective encour-
ages natural resource managers to extend the classification of multiple uses to
include a broader array of services or values.”

Categorizing ecosystem services (Box 10.1) helps identify ways in which natural
resources benefit humans, and how changes in the natural environment will affect
these benefits. These categories are not exclusive, and many natural resources fall

Box 10.1 Ecosystem Services Definitions
From the Millennium Ecosystem Assessment (2005)

Provisioning services: Products obtained from ecosystems, including tim-
ber, 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.

Cultural services: Nonmaterial benefits from ecosystems, including spiri-
tual and religious values, recreation, aesthetic values, and traditional knowl-
edge systems.

Supporting services: Long-term processes that underlie the production of
all other ecosystem services, including soil formation, photosynthesis, water
cycling, and nutrient cycling.
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under multiple categories. For example, consumption of water is a provisioning
service, the process of purifying water a regulating service, recreational use of
water a cultural service, and the role of water in the life history of animals a sup-
porting service. Climate change will affect the quality and quantity of ecosystem
services (positively and negatively) 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 changing climate.

Lands in the Northern Rockies provide ecosystem services to people who visit,
live adjacent to, or otherwise benefit from natural resources on public lands. First,
we introduce ecosystem services and how to describe and measure them. Second,
we describe how people and communities use and benefit from public lands, as well
as existing stressors that may affect the ability of communities to adapt to a chang-
ing climate. Third, we discuss climate change effects on specific ecosystem ser-
vices. Finally, we identify adaptation strategies that can help reduce negative effects,
and discuss the adaptive capacity of agencies and communities.

10.2 Ecosystem Services on Public Lands in the Northern
Rockies

There are many beneficiaries from ecosystem services provided by public lands,
including neighboring communities, non-local visitors, and people who may never
visit or directly use the lands but gain satisfaction from knowing a resource exists
(Kline and Mazzotta 2012). This is particularly true for iconic landscapes and rivers
in the study area (e.g., Yellowstone National Park; Borrie et al. 2002). Managing for
multiple use of natural resources can create situations in which some ecosystem
services conflict with others. For example, managing for non-motorized 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 where people rely on these lands
for fuel, food, water, recreation, and cultural connection. Decreased quantity and
quality of ecosystem services produced by public lands will affect human systems
that rely on them, requiring some communities to seek alternative means of provid-
ing services or to change local economies and lifeways.

Management decisions for public lands can affect ecosystem service flows, with
cascading effects on numerous users. We will highlight climate change effects on
ecosystem services flows, and how management decisions can help users mitigate
or adapt to these effects. The concept of ecosystem services is relatively new, so
data on this topic are scarce. Although we use quantitative data when possible, we
often rely on qualitative descriptions or proxy measures. Demographic and eco-
nomic factors provide an important context for understanding the effects of climate
change on ecosystem services.
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Box 10.2 Ecosystem Services Assessed in the Northern Rockies
Provisioning Ecosystem Services

e Abundant fresh water for human (e.g., municipal and agricultural water
supplies) and environmental (e.g., maintaining streamflow) uses

e Building materials and wood products

e Mining materials

* Forage for livestock

* Fuel from firewood and biofuels

* 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

e Protection from wildfire and floods

* Protection from erosion

» Carbon sequestration

We focus on provisioning and regulating ecosystem services in the Northern
Rockies (Box 10.2). The amount of detail for these ecosystem services varies,
depending on how much information is available and can be interpreted in the con-
text of climate change. Several of the ecosystem services are also discussed in other
chapters, including genetic diversity and biodiversity (Chap. 5), protection from
wildfire and floods (Chap. 7), and recreation (Chap. 9). 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.

10.3 Social Vulnerability and Adaptive Capacity

Social vulnerability analyses seek to identify which institutions, resources, and
characteristics make communities more or less resilient to environmental hazards.
The most widely used measure of social vulnerability is the Social Vulnerability
Index (SoVI) (Cutter et al. 2003), which is based on 11 factors: personal wealth,
age, density of the built environment, single-sector economic dependence, housing
stock and tenancy, race (separate factors for African American and Asian), ethnicity
(separate factors for Hispanic and Native American), occupation, and infrastructure
dependence. Scores based on these factors are summed to form a composite vulner-
ability score for each county in the United States.
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Most counties in the Northern Rockies are in the high to medium vulnerability
range, which is typical for areas dominated by rural economies. The average per-
centage of county populations living in rural areas in the Northern Rockies is 75.3%,
compared to a national average of 19.3% (based on the 2012 Census American
Community Survey). Rural counties tend to rely on a single industry, have older
populations, and have fewer social resources (e.g., hospitals) than urban areas. The
oldest mean age in the region is in Prairie County, Montana, where the mean age is
56, and the average median age among the counties is 43.4. 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 in the Northern Rockies is $45,235, considerably
lower than the national average of $53,046. High-income counties tend to be in the
eastern part of the region with ties to the oil and gas industry, and areas with
recreation-based businesses; low-income counties often depend on grazing and tim-
ber. Unemployment and poverty are relatively widespread in the region (Fig. 10.1),
although the region as a whole had an average unemployment rate in 2012 of 5.4%,
lower than the national average of 9.3%. Spatially, unemployment follows median
incomes closely, with counties in the east having low unemployment and counties
in the west having high unemployment. Many of the factors that make individuals
more vulnerable are compounded among migrants and minorities. They tend to
have fewer economic resources, lack political power, and sometimes struggle with
communication (Fothergill and Peek 2004).
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Fig. 10.1 Demographic information for unemployment (upper) and poverty (lower) in the
Northern Rockies
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10.4 Assessing the Effects of Climate Change on Ecosystem
Services

10.4.1 Water Quantity

Major consumptive uses of water in the Northern Rockies include domestic and
municipal water supply, industrial use of water, and water for oil and gas develop-
ment (drilling and hydraulic fracturing). Non-consumptive uses of water 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 that can be exercised only during high-flow years.
Any new uses of water require a transfer of water rights, increased water supply
through reservoir storage, or mining of ground water.

A recent draft of the Montana State Water Plan details water use in Montana
(Tables 10.1 and 10.2) and is representative of most of the Northern Rockies.
Hydroelectric power generation (hydropower) accounts for 86% of total water

Table 10.1 Total water use in Montana

Municipal,
Reservoir industrial, Instream
Planning basin Hydropower | Irrigation evaporation | livestock flow
Percent
Statewide 85.9 12.4 1.2 0.5 0
Clark 94.4 4.7 0.5 0.4 0
Fork/Kootenai
River
Upper Missouri 88.0 11.2 0.5 0.3 0
Lower Missouri 39.2 19.5 6.0 0.3 35.0
Yellowstone River |24.5 23.0 0.4 1.4 50.7
From Montana DNRC (2014)
Table 10.2 Consumptive water use in Montana
Domestic
Reservoir & Thermo-
Planning basin Irrigation | evaporation |municipal | Livestock |Industrial | electric
Percent
Statewide 67.3 28.0 2.4 1.2 0.3 0.8
Clark Fork/ 66.4 27.0 39 0.5 1.2 0
Kootenai River
Upper Missouri 82.3 13.7 3.0 0.9 <0.1 0
Lower Missouri 42.0 56.2 0.4 1.4 <0.1 0
Yellowstone River | 83.4 7.2 2.8 2.1 0.3 4.2

From Montana DNRC (2014)
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demand in Montana (Montana DNRC 2014), although hydropower is considered a
non-consumptive use because it does not affect instream flow or total water down-
stream. However, reservoirs needed for hydropower experience high rates of water
loss to evaporation. Fort Peck Reservoir, in the Lower Missouri River Basin, annu-
ally loses 754,000 megaliters of water to evaporation. The largest consumptive use
of water in Montana is irrigated agriculture, which accounts for 96% of all water
diversions and 67% of all consumptive use. The marginal value of water in agricul-
ture is an order of magnitude lower than the marginal value of water for municipal
uses (Montana DNRC 2014).

Compared to more arid regions of the western United States, changes in water
yield in the Northern Rockies are expected to be modest, although they may be
disproportionately large for local residents who experience them (Foti et al. 2012).
Climate and hydrologic models consistently project changes in timing of runoff,
making the likelihood of these effects high. Warmer temperatures will make drought
more frequent, despite small increases in precipitation shown in some climate mod-
els, increasing overall competition for water. This will amplify many of the effects
of population growth and demographic changes already occurring. Agricultural and
municipal users will experience major impacts, making it more difficult to allocate
instream flows for recreation and wildlife.

Timing of snowmelt is a major concern in the Columbia and Missouri Basin
headwaters. Earlier runoff may be out of sync with many of the demands for water
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. Higher temperatures have already brought a mixture of impacts to agricul-
ture in North Dakota, where wheat production alone generates $4.5 billion annually
in economic activity (North Dakota Wheat Commission 2007). Warmer tempera-
tures and higher commodity prices have pushed wheat and corn production into
areas of the state where either they were not previously grown or where shorter-
season varieties dominated.

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. In 2005, heavy rains ruined 400,000 hectares of cropland and
prevented another 400,000 from being planted, causing $425 million in damage
(Karetinkov et al. 2008). More droughts and intense temperatures may also make
plants more susceptible to insect pests (Rosenzweig et al. 2000). More frequent
droughts and heavy rain events will stress municipal water supply systems and
infrastructure.

Climate change will make it harder to preserve instream flows in the future, with
small mountain streams and valued fisheries being particularly vulnerable. Some of
the most productive waterfowl breeding grounds in the northern prairie wetlands
and pothole region (> 50% of North America’s ducks breed here) will be threatened
in a warmer climate, and unless these wetlands are maintained, bird populations will
be significantly reduced (Sorenson et al. 1998; Johnson et al. 2005).

Transfer of water rights from one use to another is legally possible within the
Northern Rockies but realistically constrained by the ability to transport water.
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Transfers between agricultural and municipal uses, for example, can occur only
between users in the same watershed. Because municipal values of water are so
high, these transfers are likely to occur if demand is high enough.

Re-use of effluent and other conservation methods will be important tools for
adaptation. Groundwater pumping is 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 they are
junior in priority and not reliable for municipal uses. A drier climate in prairie pot-
hole habitats of the Grassland subregion will make it desirable to preserve and
restore waterfowl habitat along the wetter fringes (Johnson et al. 2005).

10.4.2 Water Quality, Aquatic Habitats, and Fish

Headwater streams in the Northern Rockies generally provide safe, clean drinking
water to downstream communities, and water is important to cultural practices of
Native Americans, including the ability to exercise their fishing rights. However,
many of the region’s streams and lakes are already threatened or impaired according
to U.S. Environmental Protection Agency standards, with impairment being caused
by grazing, feedlots, and fertilizer runoff. Runoff from roads and bridges are a prob-
lem in Idaho, leading to high levels of phosphorous and mercury.

Disturbances such as wildfires and mudslides are a major concern for municipal
water supplies (Chap. 3). Sudden increases in sediment or other pollutants often
cause water treatment plants to shut down or incur high costs to remove sediment
from reservoirs. Some Northern Rockies residents worry about the effects of
increased oil and gas extraction activities on watershed health. Groundwater con-
tamination in northeastern Montana near the Fort Peck Indian Reservation has been
linked to development of the East Poplar oil field (Thamke and Smith 2014). Oil
spills in the Yellowstone River (2011, 2015) and a pipeline leak near Tioga, North
Dakota (2014) highlight the dangers to watersheds surrounding oil and gas fields.

Climate change will potentially affect fishing, water-based recreation, and drink-
ing water, amplifying the effects of development on water quality already occurring
in the region. Increased number and severity of wildfires will deposit 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 vegetation
may affect water filtration and flow rate.

Warming air temperature will cause stream temperatures to increase. Some
native fish species, such as bull trout (Salvelinus confluentus) and cutthroat trout
(Oncorhynchus clarkii), are extremely sensitive to warm water, whereas some non-
native species can tolerate higher temperatures (Chap. 4). Fish habitats at lower
elevations are likely to experience the biggest, near-term temperature increases,
making them vulnerable to shifts in species composition and distribution. Native
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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
(Chap. 4 ). Culturally important fisheries, such as those of the Nez Perce tribe, will
be affected within the boundaries of their reservation and traditional fishing grounds,
already stressed by hydropower and stream modification (Wagner et al. 2004).

Warming has already led to expansion of agriculture in some areas of the
Northern Rockies. Continued expansion will generally decrease water quality, but
the net effects of flooding and drought are uncertain (Warziniack 2014). Lower
water flows have also been linked to increased water temperature, eutrophication,
and content of nutrients and metals (Murdoch et al. 2000; van Vliet et al. 2011),
especially in nutrient-rich bodies of water (Schindler et al. 2008).

Restoration of streams, wetlands, and riparian areas may help stabilize water
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 intervention may become more important in the
future. Other adaptation strategies are described in Chaps. 4 and 9.

10.4.3 Building Materials and Wood Products

Timber and forest products are dominant economic forces in the Northern Rockies,
with forest products comprising 23% of direct manufacturing employment in
Montana (Mclver et al. 2013) (Table 10.3). Because much of the timber in the
Northern Rockies is exported from the region, the most important aspect of timber
is providing jobs, particularly in rural communities. The timber industry also pro-
vides a labor force capable of doing forest restoration work. In 2011, Idaho and
Montana contained 160 timber processing facilities including 73 saw mills. Over
97% of timber is processed in sawmills, up from 80% (Keegan et al. 2005).

Historically, much of the timber in the area has come from national forests,
although that share has decreased greatly. In 1979, 46% of timber harvested in Idaho
came from national forests, declining to only 7% in 2006 (Brandt et al. 2012).
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
(Table 10.3). Between 2005 and 2009, employment in the wood products industry
declined 29% in Idaho and 24% in Montana (Keegan et al. 2012). Mills in the region
are the major employer for some small communities, making the effects of mill
closures particularly pronounced in a few places. Although timber jobs have been
declining in the Northern Rockies, non-timber jobs have been increasing.

The direct effect of climate on timber production is expected to be 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 sen-
sitivities of timber resources associated with climate change are wildfire, insects,
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Table 10.3 Sold timber volume from national forests in the U.S. Forest Service Northern Region
and Greater Yellowstone Area subregion

1980 2013
Inflation Inflation

Sold adjusted sold Sold adjusted sold

volume value Sales volume value

Thousands Thousands
National Forest | Sales | of m’ US dollars of m’ US dollars
Beaverhead- 630 111 1,971,012 845 19 59,067
Deerlodge
Bitterroot 268 101 3,883,685 266 19 459,684
Bridger-Teton 425 48 885,087 627 23 150,834
Caribou- 7347 232 7,726,627 743 17 93,922
Targhee
Custer 127 4 81,794 292 4 18,088
Flathead 289 459 22,504,836 334 35 963,163
Gallatin 310 56 628,518 551 11 44,820
Helena 113 52 1,451,979 393 8 34,000
Idaho 669 748 64,207,103 866 95 3,562,340
Panhandle
Kootenai 616 415 36,705,744 820 84 1,820,020
Lewis and 277 29 134,615 387 5 21,160
Clark
Lolo 367 96 2,281,829 597 15 298,537
Nez Perce- 414 603 18,881,743 699 105 6,567,655
Clearwater
Shoshone 307 28 198,089 415 18 225,075

Data from U.S. Forest Service, via Headwater Economics; http://headwaterseconomics.org/inter-
active/national-forests-timber-cut-sold

and disease (Ryan et al. 2008; Chaps. 6, 7). In addition, warmer winters and
associated freezing and thawing may increase forest road erosion and landslides,
making winter harvest more difficult and expensive. Climate change will result in
larger, more frequent fires and a longer fire season. Increased fires may increase
demand for fuel treatments, either through timber harvests or through mechanical
and manual thinning that uses the timber labor force and infrastructure. Although
this may affect the availability of harvestable wood products, the overall effect on
timber-related jobs would be relatively small.

Management actions may be able to mitigate drought stress and soil water defi-
cits. Land managers also have the option to conduct fuel treatments, which help
decrease the probability of large, severe wildfires and to salvage burned or insect-
killed timber before it loses market value. However, timber management cannot
respond quickly to potential threats. The wood products industry may 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
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adopting new technologies (Irland et al. 2001). The most resilient communities will
be those that diversify their economic bases, effectively reducing their exposure to
adverse impacts to the timber industry.

10.4.4 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 impor-
tant throughout 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. The main stressors from oil and gas development
are effects on other ecosystem services, such as water quality. Traffic from trucks
and heavy machinery also increase the risk of introducing nonnative species to sur-
rounding rangelands.

Climate will not directly affect minerals industries, although power generation,
oil and gas development, 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 co-located 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 oil fields causes wages in all other
sectors of regional economics, 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 non-climatic drivers will be more important,
including international prices for oil and gas, national climate policy, and regional
concerns about threats to watersheds.

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. The most successful mineral-based economies are those that are able
to collect some of the resource rents from drilling and invest them in the community,
extending prospects for long-term economic growth (Kunce and Shogren 2005).

10.4.5 Forage for Livestock

The area contained within the Northern Rockies Adaptation Partnership contains
64 million hectares of rangeland, of which 85% are privately held. Of the federal
rangeland, 3.4 million hectares are Bureau of Land Management lands, of which
3.2 million hectares are in Montana. Most counties in the region have a significant
share of total income derived from cattle.
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Cheatgrass (Bromus tectorum) and other nonnative plants have become a major
nuisance in Western rangelands, significantly reducing usable forage. Human modi-
fication has also converted rangeland to other uses, dominated by agricultural devel-
opment, resource extraction, and residential development (Reeves and Mitchell
2012). Human modification and fragmentation of rangelands have potential conse-
quences for socio-economic sustainability of rural communities, including loss of
rural character, loss of biodiversity, difficulty in managing interconnected lands for
grazing, threats to watershed health, compromised viewscapes, loss of native spe-
cies, and changes in disturbance regimes.

Warmer temperatures carbon dioxide fertilization are expected to increase pro-
ductivity of rangelands (Reeves and Mitchell 2012; Chap. 6), and increased regional
population will lead to fragmentation of rangelands. Arid grasslands are likely to
experience short-term response in species richness because of the prevalence of
annual species (Cleland et al. 2013). Carbon dioxide enrichment may alter the rela-
tive abundance of grassland plant species by increasing the production of one or
more species without affecting biomass of other dominant species (Polley et al.
2012).

Cattle stocking rates in the Northern Rockies remain at or below current capacity
of the land to support livestock (Reeves and Mitchell 2012), with few counties expe-
riencing forage demand above current forage supply. The biggest threat to range-
land from climate change may be increasing rates of spread of nonnative weeds and
changes in fire regime (Maher 2007). Fire makes ranch planning difficult. Loss of
access to grazing areas requires emergency measures like the use of hay, requiring
increased investments by ranchers. Increased fire will facilitate conversion of more
lands to domination by nonnative plants. Fire also kills shrubs, especially sagebrush
(Artemisia spp.), increasing the prevalence of grasses and herbs, thus reducing
structural and floristic diversity.

Human modification of rangelands and associated fragmentation are driven by
opportunities for economic growth, as land is converted to higher value uses.
Rangeland conversion 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). Natural amenities in and near the
Rocky Mountains are often touted as an economic asset (Power 1998; Rasker 1993),
and during the 1990s, 67% of counties in the Rocky Mountains grew faster than the
national average (Beyers and Nelson 2000). The effects of demographic and socio-
economic factors may affect rangeland quantity and quality more than climate
change in some areas.

10.4.6 Viewsheds and Clean Air

Air quality is an ecosystem service that can be altered by changes in vegetation
composition and tree responses to climate change. Tropospheric ozone, air pollu-
tion episodes, plant sensitivity to air pollutants, and release of pollen all affect the
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provision of air quality by forests. The Northern Rockies generally have exceptional
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 winter-
time inversions that trap air pollutants. During inversions, wood-burning stoves
become a major source of air pollution. In summer, smoke from wildfires settles in
valleys, leading to poor air quality. Some areas in Idaho are affected by burning of
crop residues, and smoke can get trapped or settle into valleys where it persists until
strong winds clear the air. Major sources of air pollution in North Dakota include
coal-fired power plants, oil-field emissions, and vehicle traffic in mineral-rich areas
of the state.

A large percentage of Northern Rockies residents are in demographic groups that
are sensitive to poor air quality (e.g., elderly, poor), and nearly 1 in 10 adults have
asthma (Center for Disease Control 2009). As more young people leave rural com-
munities, sensitive populations remain in rural areas without health facilities that
can accommodate an aging population.

Air quality can deteriorate 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 (Bedsworth 2011).
Climate change may affect distribution patterns and mixtures of air pollutants
through altered wind patterns and amount and intensity of precipitation. By 2050,
summertime organic aerosol concentration over the western United States is pro-
jected to increase by 40% and elemental carbon by 20%. Higher temperatures accel-
erate chemical reactions that, in combination with reactive hydrocarbons, form
ozone and secondary particles (Kinney 2008).

Systems are already in place to alert residents when air quality deteriorates.
Adaptation options include limiting physical activity outdoors, using air condition-
ing, and taking medications to mitigate health impacts. Tighter restrictions on use of
wood for heating homes and on agricultural burning can reduce pollutants, and fuel
treatments can reduce wildfire risk and smoke production. As noted above, the
effects of poor air quality are greater for vulnerable populations like the elderly,
young, and poor, who have little capacity to adapt.

10.4.7 Regulation of Soil Erosion

A U.S. Forest Service (USFS) soil management directive identifies six soil func-
tions: soil biology, soil hydrology, nutrient cycling, carbon storage, soil stability and
support, and filtering and buffering (USFS 2009). Steep slopes are the key element
associated with erosion and landslides in mountain landscapes, and open rangeland
is susceptible to topsoil loss. Erosion and landslides threaten infrastructure, water
quality, and important cultural sites. Resource management practices are designed
to limit erosion and soil compaction, but landslides and erosion are still a common
problem, with roads and other human activities serving as a large source of sedi-
ment in many watersheds. Loss of soil from agricultural fields is a problem in the
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eastern part of the Northern Rockies, but best practices in agriculture and range
management have begun to slow the loss. Soil loss rates still exceed natural regen-
eration of soil in much of this area, and may continue with further expansion of
agriculture.

Soil erosion interacts with other landscape processes affected by climate change.
In mountainous areas, wildfire and precipitation interact to affect erosion rates.
Frequency of wildfire, precipitation in the form of rain rather than snow, and intense
precipitation events may lead to greater erosion and more landslides. A combination
of increased drought and flooding could exacerbate erosion in some areas. Erosion
is also a significant concern for cultural sites (Chap. 11).

One of the key impacts of soil erosion in mountains is its effect on water quality
and water treatment costs. Without expensive dredging, the usable life of dams and
reservoirs will decrease, and capital investments will be necessary to remove sedi-
ment (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. Accelerating fuel treatments to make forests
more resilient to wildfire can limit erosion by reducing fire severity.

10.4.8 Carbon Sequestration

Forests provide an important ecosystem service in the form of carbon sequestra-
tion—the uptake and storage of carbon in forests and wood products. Carbon
sequestration is considered a regulating ecosystem service because it mitigates
greenhouse gas emissions by offsetting losses through removal and storage of car-
bon. Carbon storage in forests is becoming more valuable as the impacts of green-
house gas emissions manifest in different ways (USFS 2015).

The National Forest System includes 22% of the total U.S. forest area and 24%
of total carbon stored in U.S. forests (excluding interior Alaska). Carbon sequestra-
tion can be enhanced by preventing conversion of forest land to non-forest uses,
restoring and maintaining resilient forests better adapted to a changing climate and
other stressors, and reforesting lands disturbed by wildfires. Federal agencies bal-
ance carbon stewardship with a wide range of ecosystem services by maintaining
and enhancing net sequestration in existing ecosystems.

Although disturbances are the predominant drivers of forest carbon dynamics,
biogeochemical cycling and climatic variability influence forest growth rates and
consequently the carbon fluxes (Pan et al. 2009, 2011). Changes in carbon stocks
and resulting net emissions may be influenced by vegetation management and res-
toration—fire and fuels management, timber harvest, reforestation, and other prac-
tices—that can integrate carbon dynamics across broad landscapes and over many
decades, while meeting other resource management objectives. Harvested wood
products (HWP), such as lumber, panels, and paper, can account for a significant
amount of off-site carbon storage, contributing to national-level accounting and
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regional reporting (Skog 2008). Products derived from timber harvest from federal
lands extend carbon storage and/or substitute for fossil fuel use.

Estimates of total ecosystem carbon and stock change (flux) have been produced
for all national forests in the United States (USFS 2015). Carbon stocks reflect the
amount of carbon stored in aboveground live trees, belowground live trees, under-
story, standing dead trees, down dead wood, forest floor, and soil organic carbon.
Carbon stock change (flux) reflects year-to-year balance of carbon (Woodall et al.
2013) and measures interannual variation caused by tree growth, disturbance, and
management.

Carbon stock trends for each national forest between the years 1990 and 2013
(Fig. 10.2) indicate that Idaho Panhandle National Forest stored the largest amount
of carbon in the region (188 Tg in 1990, 183 Tg in 2013), and some forests had an
increase in carbon stocks and others a decrease. Cumulative carbon stored in HWP
in the USFS Northern Region increased in 1955, peaking in 1995 with 34 Tg
(Fig. 10.3). Since then, the HWP pool has decreased to 32 Tg, illustrating how tim-
ber harvest affects HWP.

Many factors affect the sensitivity of forests to sequester carbon, and although
the net effect of climate change on carbon storage in forests is uncertain, increased
risk of wildfire and insect outbreaks will make it more difficult to retain carbon in
biomass. Preliminary results from the Forest Carbon Management Framework
(Healey et al. 2014; Raymond et al. 2015) show that fire had a major impact on
carbon storage in Flathead National Forest between 1990 and 2012, followed by
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Fig. 10.3 Cumulative total carbon stored in harvested wood products (HWP) manufactured from
national forests in the U.S. Forest Service Northern Region, including carbon in products still in
use and stored at solid waste disposal sites (SWDS) (Stockmann et al. 2014)

harvest. The largest impact on carbon storage in Idaho Panhandle National Forest
was disease, followed by harvest.

Elevated nitrogen deposition, a phenomenon observed across much of the west-
ern United States, may increase wood production and accumulation of soil organic
matter, thus increasing carbon sequestration. Carbon uptake in living biomass is
often a transitory phenomenon, but carbon accumulation in soil is potentially a
long-term sink because belowground carbon has longer turnover times than above-
ground carbon (Bytnerowicz et al. 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 decreased snow and cold
weather facilitate the spread of some root rots. As more trees die and decompose,
forests could switch from carbon sinks to carbon sources.

Adaptive capacity for sequestering carbon depends on the spatial and temporal
scales at which this ecosystem service is defined. Carbon storage in any particular
forest location may go up or down over time, but analysis of storage should logi-
cally occur at very large spatial scales. Adaptive capacity for carbon storage is prob-
ably low, because most of the factors affecting carbon sequestration are external,
especially wildfire and other disturbances that can override other factors, including
management.

jhalo@uw.edu



10  Effects of Climate Change on Ecosystem Services in the Northern Rockies 205

10.4.9 Summary

Ecosystem services are the benefits people derive from landscapes and encompass
the values that motivate people to live in the Northern Rockies. Ecosystem services
are the core of our sense of place. Social (demographic changes, economics, policy)
and environmental (e.g., climate change) factors, individually and interactively, can
affect ecosystem services both positively and negatively. Opportunities for adapta-
tion to climate change need to consider the broader social context to be successful
and to set priorities. In summary:

Water yield is not expected to change significantly, and few communities are
likely to experience water shortages and water stress. The biggest effect on water
yield will be timing of water availability, although this could potentially be over-
come with reservoir storage. Because agriculture is the largest consumer of water
and a big economic force, rural agricultural communities will be disproportion-
ately 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 the major
source of impairment, leading to degraded riparian and aquatic habitat, increased
water temperatures, and high levels of contamination. Climate change is expected
to amplify these effects.

Wood products provide jobs in the region. Climate change will cause more
wildfires and insect outbreaks, but effects on wood products will be smaller than
from economic forces and policies. Timber production has been in steady decline,
a trend that will probably continue, with significant effects on economic vitality
of small rural towns. Diversification of local economies can help buffer the loss
of timber-related jobs.

Minerals and mineral extraction are important economic drivers, and are not
vulnerable to climate change. However, mineral and energy extraction are con-
nected to other ecosystem services, particularly water quality. Wildfires, floods,
and mudslides all put mineral extraction infrastructure and associated water-
sheds at risk.

Forage for livestock may benefit from increased productivity in a warmer cli-
mate, with minor economic benefits to ranching in small communities. Most
stressors on grazing are human induced, including loss of rural population,
spread of nonnative plant species, and fragmentation of rangelands.

Viewsheds and air quality will be affected by increasing wildfire frequency and
length of 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 treatment plants if water
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quality degrades significantly. Best practices in agriculture and road construction
can mitigate some effects.

* Carbon sequestration will be challenged by increasing wildfires and insect out-
breaks, especially in the western part of the Northern Rockies. Managing forests
for carbon sequestration is likely to become more important in response to
national climate policies, but will need to be implemented in the context of other
resource objectives. Thinning and fuel treatments can help reduce the magnitude
of periodic carbon pulses.
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Chapter 11
Effects of Climate Change on Cultural
Resources in the Northern Rockies

Carl M. Davis

Abstract Cultural resources in the Northern Rockies are currently vulnerable to
various natural and human agencies, including wildfire and biological processes,
vandalism and other depreciative human behaviors, and changing population demo-
graphics and recreational use. Climate change has the potential to accelerate some
of these ongoing effects to cultural resources. Increasing wildfires will have a direct
effect on cultural resources, because they are broadly distributed throughout forest
and grassland ecosystems. Melting ice caused by climate change poses a risk to
previously ice-encased and well-preserved cultural resources. Seasonal aridity and
prolonged drought will accelerate soil deflation and erosion, and expose archaeo-
logical sites once buried in prairie or mountain soils. At the same time, a projected
increase in winter precipitation, coupled with earlier and more intense spring run-
off, poses another threat to cultural resources. Climate-induced changes in terres-
trial and aquatic habitats also affect abundance of culturally-valued plants, animals
and fish, affecting the ability of Native American tribes to exercise their treaty
rights.

Damage to cultural and historic sites is irreversible, making protection a key
management focus. To some extent, wildfire effects can be mitigated through active
prevention measures (for example, thinning trees around historic structures) and fire
suppression and recovery tactics. Hydrological events are unpredictable, and pro-
tection measures such as stabilization and armoring are expensive. Nonetheless,
federal agencies have a strong mandate to implement measures to protect cultural
sites threatened by such natural processes and emergency events. Survey and evalu-
ation in areas where cultural resources are concentrated or likely is ongoing,
although intermittent, in the Northern Rockies. It will be possible to locate and
monitor cultural resources only if these efforts are significantly expanded.
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11.1 Background and Cultural Context

People have inhabited the Northern Rocky Mountains and Great Plains of the United
States since the end of the last Pleistocene glacial period (Fagan 1990; Meltzer
2009), and evidence of this distant and more recent human occupation is found
throughout the assessment area. The Northern Rockies and Plains are the ancestral
homeland, aboriginal territory, and hunting ground of the Assiniboine, Blackfeet,
Chippewa-Cree, Crow, Hidatsa, Kiowa, Kutenai, Nez Perce, Northern Cheyenne,
Salish, Shoshone, Sioux and other Plains, Intermountain, and Columbia Plateau
American Indian tribes (Walker 1988; Schleiser 1994; DeMallie 2001). Beginning
in the eighteenth century, the region was explored and then settled by people of
many different European ancestries (White 1993). The region has always contained
a diversity of cultural backgrounds and lifeways.

Archaeological and historical evidence of past cultural groups, interactions, and
events are termed “cultural resources,” and 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 homesteads, and (3) ranger stations,
fire lookouts, and recreation sites built by the Civilian Conservation Corps (NPS
2015b). The U.S. Forest Service (USFS) Northern Region alone has documented
approximately 20,000 cultural resources, representing a small fraction of what
likely exists across the entire assessment area.

Protection of cultural resources has been formally recognized since 1906 when
the Antiquities Act was signed into law, and has been reaffirmed by 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. Federal land management agencies are required to iden-
tify, evaluate and preserve historic, scientific, commemorative, and cultural values
of archaeological and historic sites and structures on public lands for present and
future generations (NPS 2015a; USFS 2008). The President of the United States has
authority to designate national monuments in order to protect landmarks, structures,
and objects of historical or scientific significance. In 1966, Congress declared it to
the our national policy that the Federal government will “administer federally
owned, administered, or controlled prehistoric and historic resources in a spirit of
stewardship for the inspiration and benefit of present and future generations.” Thus,
a core mission of the National Park Service is the preservation, enhancement and
interpretation of cultural resources. The USFS and other federal land management
agencies protect and manage cultural resources as part of their multiple use
missions.

Protection of cultural resources also includes ongoing use of resources and
associated activities relevant to the continuation of extant American Indian and
other cultures (NPS 2011). Many cultural resources are currently vulnerable to
natural biophysical phenomena and human activities. Wildfire and decomposition
degrade and destroy cultural resources, particularly those made of wood or located
in erosion-prone environments. Vandalism, illegal artifact collecting, arson, and
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other human behaviors also damage cultural resources. Land management actions
can affect cultural sites, although federal land managers attempt to protect and
mitigate adverse effects wherever possible.

11.2 Climate Change Effects on Cultural Resources

11.2.1 Primary Effects and Stressors

This evaluation of the potential effects of climate change on cultural resources in the
Northern Rockies is quite general, because so little information has been generated
on this topic compared to the effects of climate change on natural resources, and
because it is difficult to infer the spatial extent and timing of specific effects.
Inferences in this chapter are based on a synthesis of relevant literature from differ-
ent disciplines to project how an altered climate, both directly and indirectly
(through increased disturbance), will create conditions that modify the condition of
and access to cultural resource sites.

Climate change has the potential to exacerbate and accelerate existing effects on
cultural resources (Rockman 2015; Morgan et al. 2016) (Table 11.1). A warmer cli-
mate will alter the scale of wildfires across western North America (McKenzie et al.
2004; Schoennagel et al. 2004; Chap. 7), thus having at least three general effects
on cultural resources. First, wildfires burn cultural resources made of wood and

Table 11.1 Summary of climate change stressors and potential effects on cultural resources in the
Northern Rockies

Climate change

stressor

Biophysical effects

Effects on cultural sites and landscapes

Temperature
increase

Wildfire

Combustion, damage, destruction

Drought, erosion

Exposed artifacts and cultural features

Vegetation changes

Altered physical appearance, integrity

Spread of invasive species

Altered physical appearance, integrity

Ice patch melt

Artifact decay and theft

Altered freeze-thaw cycles

Saturation, desiccation, warping,
biochemical changes

Altered precipitation

Earlier seasonal runoff,
flooding

Removal, damage, degradation

Debris flows, slumping

Burial, removal, degradation

Down cutting, mass
wasting

Removal, damage, degradation

Increased moisture and
humidity

Decay, oxidation, exfoliation, corrosion,
biochemical changes

Extreme precipitation
events

Removal, damage, degradation, collapse,
exposure

For additional detail, see UNESCO (2007), Rockman (2015), and Morgan et al. (2016)
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Fig. 11.1 Aboriginal stone cairn exposed by wildfire in Custer-Gallatin National Forest (Photo by
Halcyon LaPoint, U.S. Forest Service)

combustible materials, including ancient wood shelters and game drives, and his-
toric homesteads, mining ruins, and early USFS backcountry cabins, lookouts and
administrative structures. Second, wildfire suppression and post-fire recovery oper-
ations (e.g., heavy equipment use, erosion abatement) affect standing structures and
archaeological sites buried in forest soils. Third, flooding and debris flows can dam-
age (e.g., erode away, disturb, bury) cultural resources exposed in the post-fire envi-
ronment. However, fire can be beneficial if it exposes cultural sites that were not
previously visible and archaeologists have the opportunity to record them and
develop protection measures where they are now threatened by natural or human
disturbances (Fig. 11.1).

Federal agencies implement various actions to reduce the effects of wildfire on
cultural resources, such as encasing historic structures in fireproof wrap, reducing
suppression activities near cultural sites, and physical armoring of cultural resources
vulnerable to post-fire flooding. Because it is difficult and expensive to implement
these actions across large landscapes, damage is expected to continue as climate
change amplifies area burned.

Seasonal aridity and prolonged drought accelerate soil deflation and erosion,
exposing archaeological sites buried in the soil. Wind and water erosion can remove
ground cover, revealing artifacts and features such as cooking hearths and
tool-making areas. Newly exposed artifacts make them vulnerable to illegal
collecting, which can be intensified in areas where livestock grazing, recreation, and
mining have already caused impacts. For example, livestock often converge around
streams and natural springs where archaeological sites of ancient hunter-gatherers
are common.
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Fig. 11.2 Post-wildfire debris flow that obliterated or covered cultural resources in Meriwether
Canyon, Helena National Forest (Photo by Carl Davis, U.S. Forest Service)

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 of drainages and stream beds (Meltzer 1990; Ruddiman 2007).
Warmer temperatures in the future (Mayewski and White 2002; IPCC 2007;
Chap. 2) will create additional potential for cultural resource loss through drought
and erosion, particularly in drier areas such as southeastern Montana.

If winter precipitation increases (Chap. 2) and reduced snowpack leads to higher
winter streamflows (Chap. 3), archaeological and historic sites will be increasingly
vulnerable to flooding, debris flows, down cutting, and mass wasting of underlying
landforms. This already occurs in the aftermath of large wildfires, especially in the
dry mountain ranges of central and eastern Montana (Fig. 11.2), and an increase in
extreme events (Chap. 7) will almost certainly increase hydrological impacts on
cultural resources (National Research Council 2002).

Persistent high-elevation snowfields contain artifacts remaining from hunting
and gathering forays by Native Americans in mountain environments hundreds to
thousands of years ago (Lee 2012) (Fig. 11.3). Melting ice caused by a warmer
climate poses a risk to previously ice-encased cultural resources that are well
preserved. For example, ancient bone, wood, and fiber artifacts have been revealed
by melting ice patches in the Beartooth Mountains (south-central Montana).
Melting ice provides opportunities for archaeologists and Native Americans to
locate, document, and archive artifacts, but it also makes artifacts susceptible to
decay or theft.
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Fig. 11.3 Melting perennial ice patches expose prehistoric artifacts in Custer-Gallatin National
Forest (Photo by Craig Lee, Montana State University)

Climate change can affect cultural landscapes whose integrity is derived from
both cultural resources and environmental context (NPS 1994; Rockman 2015),
including ancient American Indian travel routes, battlefields (e.g., Big Hole
Battlefield) and historic mining districts. Altered distribution and abundance of
dominant vegetation could potentially affect the physical and visual integrity of
such landscapes (Melnick 2009). For example, whitebark pine (Pinus albicaulis) is
an important historical component of the Alice Creek-Lewis and Clark Pass (Road
to the Buffalo Trail) cultural landscape on the Continental Divide near Helena,
Montana (Fig. 11.4). Whitebark pine is currently in decline, because warmer tem-
peratures have facilitated extensive outbreaks of mountain pine beetle (Dendroctonus
ponderosae) in addition to several decades of mortality and damage from white pine
blister rust (Cronartium ribicola), a nonnative fungal pathogen (Tomback and
Kendall 2001) (Chap. 7).

Cultural sites and landscapes are also recognized for their traditional importance
to descendant communities, particularly Native American tribes, who value
traditional-use areas for foods, medicinal and sacred plants, paints, and ceremonial
and spiritual places. Significant climate-induced effects in these landscapes,
particularly shifts in native vegetation, may reduce and even sever the continuous
cultural connectivity of these areas by indigenous peoples and local communities.

Extreme events related to climate change (e.g., wildfire, flooding, debris flows)
may affect historic buildings and structures. In addition to these direct effects,
period furniture, interpretive media, and artifact collections inside historic (and
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Fig. 11.4 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)

non-historic) buildings can be affected by extreme events. Additional stressors
include increased heat, moisture, humidity, freeze-thaw events, insect infestation,
and fungi, all of which can accelerate weathering, deterioration, corrosion, and
decay of structures and ruins (UNESCO 2007).

Climate change may also diminish the appeal of cultural sites and cultural land-
scapes for members of the public who visit these sites and interpretive exhibits.
Extensive outbreaks of mountain pine beetle and other insects, which have been facil-
itated by higher temperature, have turned some historic landscapes in southwestern
Montana from green to brown to gray (e.g., Logan and Powell 2001). Dead and dying
forests also present hazards to hikers, sightseers, and other visitors (Chap. 9). Altered
ecological conditions surrounding cultural sites and within cultural landscapes may
reduce their attractiveness and value for tourism, recreation and other purposes, with
potential impact on local communities and economies (Chaps. 9 and 10).

11.2.2 Spatial and Temporal Risk Assessment

Climate change effects on cultural resources will be highly variable across the
assessment area, with some effects occurring within the next few decades and others
by the end of the twenty-first century. Wildfire will be the biggest and most perva-
sive risk for cultural resources on federal lands in the region, creating a mosaic of
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burned areas of different sizes and severities over time. For example, large, high-
severity wildfires since 2000 have burned hundreds of thousands of hectares on
national forests in Idaho and Montana, from the Bitterroot National Forest in west-
ern Montana to the Custer Gallatin National Forest in southeastern Montana
(Fig. 11.1). Hundreds of cultural resources have been affected. Glacier and
Yellowstone National Parks, Bureau of Land Management units, and other public
lands have also experienced large fires since the 1990s, with the same consequences
to cultural resources. This is likely to continue into the foreseeable future.

Increased aridity and drought may be partly offset if winter precipitation
increases in the future (Chap. 2), making it difficult to quantify the long-term effects
of extreme weather and hydrologic events. Resource damage will be greatest in
areas prone to hydrologic disturbance, such as canyon mouths and river bottoms
where cultural sites are often concentrated. It will be difficult to armor and protect
sites in these locations, and artifact collectors may target these areas where cultural
materials are exposed in newly disturbed landforms or are deposited there by water
and debris.

Other effects on cultural resources will be more subtle or slow to appear. Shifting
vegetation distribution and abundance will occur gradually over many decades,
typically requiring one or more large disturbances to promote regeneration. Climate
change effects to historic buildings and structures will be gradual and cumulative
(deterioration, decay) in some cases, and sudden and direct (e.g., structural collapse
caused by snow loading and excessive moisture) in others (Morgan et al. 2016).
Some natural resources associated with traditional cultural landscapes, still used by
Native Americans today, may deteriorate or disappear. However, increased wildfire
may increase the abundance of some culturally valuable species, such as huckle-
berry (Vaccinium spp.), common camas (Camassia quamash), and nodding onion
(Allium cernuum).

The effects of climate change on cultural resource tourism are difficult to esti-
mate because tourism is strongly affected by many social and economic factors, but
it is unlikely that most popular cultural sites will completely deteriorate in the next
several decades. Visiting historical sites is popular throughout the intermountain
West (Nickerson 2014), and tourism is an important economic contributor to many
local communities (Chap. 9). The direct effects of hot weather could reduce public
interest in visiting cultural landscapes and interpretive sites, particularly in areas
recently affected by dying and dead vegetation, severe wildfires, or floods, with
secondary economic effects on local communities.

11.3 Adapting Cultural Resources and Management
to Climate Change

Federal agencies have the capacity to address some of the projected effects of cli-
mate change on cultural resources. Fuels reduction around significant cultural
resources is already in place in some locations, thus reducing the intensity and
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Fig. 11.5 The Bar Gulch Cabin (Helena National Forest) survived a wildfire in 2000, because it
was protected by fire retardant wrap and a water sprinkler system. Historic structures will be vul-
nerable if fire frequency increases in the future (Photo by Carl Davis, U.S. Forest Service)

severity of future wildfires. Heritage personnel in national forests and national parks
are engaged in all aspects of wildfire management, helping to protect cultural
resources that could be damaged by wildfires, fire suppression and fire recovery
(Fig. 11.5). Fire vulnerability assessment and abatement programs for cultural
resources deserves additional emphasis in anticipation of more wildfires in the
future.

Less progress has been made in implementing protection strategies for cultural
resources in areas prone to large-scale hydrologic events, partly because the scope
of this risk has not been documented. Flooding and geomorphic disturbance are
unpredictable in space and time. Protection measures (e.g., stabilization, armoring)
are often prohibitively expensive, typically requiring expertise in hydrology, engi-
neering, and other disciplines to develop effective solutions.

Survey, inventory, and evaluation in areas where cultural resources are concen-
trated or likely to exist are ongoing, albeit at a low level of activity. Identification
and monitoring of at-risk resources will be possible only if these efforts are greatly
expanded. High-elevation melting ice patches are currently a priority, but surveys
are also needed in locations where artifacts may be damaged by water and earth
movement (e.g., canyon and foothills areas). Areas with cultural resources can be
correlated with areas where flooding and ice melt are expected will help identify
landscapes at greatest risk.

Potential climate-induced vegetation shifts in cultural landscapes could be partly
mitigated through silvicultural treatments and prescribed burning, although the
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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.

The potential effects of climate change on the historic built environment in the
Northern Rockies has received little attention. However, some actions may eventu-
ally be necessary to reduce the potentially negative effects of climate change on
historic buildings and structures. These actions could include hazardous fuels reduc-
tion, flood and erosion control, insect abatement, building weatherization, and
structural stabilization. Conducting vulnerability assessments is the first step to
planning any remediation work. Collaborative efforts that include agency managers,
heritage specialists, historic building preservation teams, partners, and volunteers
are needed to develop priorities and initiate this work on public lands.
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Chapter 12
Toward Climate-Smart Resource Management
in the Northern Rockies

Jessica E. Halofsky, David L. Peterson, S. Karen Dante-Wood,
and Linh Hoang

Abstract The Northern Rockies Adaptation Partnership facilitated the largest cli-
mate change adaptation effort on public lands to date, including 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 U.S. Forest Service 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 man-
agement 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 restora-
tion—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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12.1 Partnership and Process

The Northern Rockies Adaptation Partnership (NRAP) provided the scientific docu-
mentation for understanding and responding to climate change in Northern Rockies
ecosystems. The assessment team synthesized scientific information to evaluate cli-
mate change vulnerability, working with resource managers to (1) develop adapta-
tion options that reduce the negative effects of climate change, and (2) transition
ecosystems and organizations to a permanently warmer world. Vulnerability assess-
ment information and adaptation options developed by the NRAP are now being
used to support national forests and national parks in implementing agency climate
change strategies (NPS 2010; USFS 2010, 2012; Chap. 1). In addition, we catalyzed
a collaboration of 35 land management agencies and stakeholders with common
interests in addressing climate change in the Northern Rockies, an enduring partner-
ship that will ensure timely and consistent application of the assessment in the years
ahead.

12.1.1 Increasing Organizational Capacity to Address Climate
Change

Although the NRAP was led primarily by federal agencies, the assessment informa-
tion that was developed should be relevant for other land management agencies,
tribes, and nongovernmental organizations in the Northern Rockies. This process
can be replicated and implemented by other organizations, and the adaptation
options can be used in the Northern Rockies and beyond. Like previous adaptation
projects (Halofsky et al. 2011; Swanston et al. 2011; Raymond et al. 2014; Halofsky
and Peterson 2016, 2017), a science-management partnership was critical to the
success of the Northern Rockies effort. For others interested in emulating this
approach, we encourage them to pursue this type of partnership as the foundation
for increasing climate change awareness, assessing vulnerability, and developing
adaptation plans. In addition, this project made a major contribution to the Climate
Change Adaptation Library (Halofsky and Peterson 2016, 2017; http://adaptation-
partners.org/library.php), which is being used by land managers throughout the
western United States.

Organizational capacity to address climate change requires building the institu-
tional knowledge and ability of leadership, resource specialists, and management
units to address climate change in agency operations. 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, veg-
etation, disturbance, wildlife, recreation, ecosystem services, and cultural resources.
The workshops introduced climate tools and processes for assessing vulnerability
and planning for adaptation. The participation of over 250 people in climate change
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workshops ensured the direct participation of agency employees in the NRAP,
including their contributions to the assessment and adaptation options.

The NRAP science-management partnership and process were as important as
the products that were developed, because partnerships are the cornerstone of suc-
cessful agency responses to climate change. Land management agencies in the
western United States have embraced partnerships in order accomplish their mis-
sion of sustainable resource stewardship, because diverse perspectives, timely feed-
back, and consensus building improve the likelihood of successful implementation
of plans and projects, and reduce the likelihood of appeals and litigation. Working
across boundaries—both geographic and sociopolitical—ensures that consistent
approaches are applied to natural resource issues, especially for those resources that
overlap jurisdictions (water, large animals, fish, etc.) (Olliff and Hansen 2016).
Building enduring relationships and developing a shared vision are becoming more
common in federal resource management and beyond. The NRAP process allowed
the U.S. Forest Service (USFS) and National Park Service to achieve unit-level
compliance in their agency-specific climate responses, but the influence of the proj-
ect on broad landscapes inside and outside their borders was a more important out-
come. The all-lands approach used in the Northern Rockies is critical for improving
the resilience of ecosystems and organizations in the future.

The science-management dialogue created by NRAP identified management
practices that are useful for increasing resilience and reducing stressors from cli-
mate change and other causes. Although implementation of all options developed in
the NRAP process may not be feasible, resource managers can draw from the menu
of options as needed. Some adaptation strategies and tactics can be implemented 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.

Various components of the NRAP process identified information gaps and
uncertainties important to understanding climate change vulnerabilities and adapta-
tion. This is especially relevant for developing monitoring and research that will
decrease uncertainties inherent to management decisions. In addition, current moni-
toring programs that provide information for detecting climate change effects—as
well as indicators, species, and ecosystems that require additional monitoring—
were identified for some components of the assessment. Working across multiple
jurisdictions and boundaries will allow NRAP participants to increase collaborative
monitoring and research on climate change effects and on the effectiveness of
adaptation.

12.1.2 Implementation: The Path Forward

The NRAP built on previous science-management partnerships by creating an
inclusive forum for local and regional stakeholders to address issues related to cli-
mate change vulnerability and adaptation. Although this partnership was conducted

jhalo@uw.edu



224 J.E. Halofsky et al.

at the regional scale, more work is needed to truly achieve an all-lands approach to
adaptation. Agencies used this process to share different approaches and experi-
ences, and opportunities for creating a collaborative adaptation plan were explored.
In the future, it would be valuable to develop partnerships around specific resource
issues and implement adaptation options accordingly. In addition, working at the
subregional scale would address specific management issues at a more geographi-
cally appropriate scale. Finally, because the NRAP process was able to engage only
a subset of the total federal workforce represented by federal agencies, continued
internal and external communication focused on climate-smart thinking, planning,
and management will be necessary to ensure consistency and compliance with
agency mandates.

Implementing adaptation options is challenging, although it builds on a solid
foundation of planning principles and management practices that are already climate
smart. Thinning of dry forests to increase vigor and reduce fuel loadings, restoration
of riparian areas to enhance cold-water fish habitat, and removing roads from flood-
plains and other vulnerable locations are climate-smart practices that have been part
of sustainable resource management for many years. Broader implementation will
occur gradually over time in response to new policies, plan revisions, and program-
matic directives. In some cases, extreme weather events (e.g., prolonged droughts)
and major ecological disturbances (e.g., large wildfires) may provide the motivation
to implement climate-smart actions. As previously stated, collaboration among
landowners and management agencies will produce more successful adaptation out-
comes than operating independently.

Landscape management strategies provide a context for decision making in
which managers can be transparent in decisions to apply any given strategy or tactic.
Appropriate adaptation options must consider resource conditions, social and eco-
logical values, and likelihood of successful outcomes in a warmer climate (Peterson
et al. 2011). The use of planning teams to develop resource-specific critical ques-
tions, and their responses to those questions, can inform broadly applicable man-
agement strategies (Figs. 12.1 and 12.2). The Climate Project Screening Tool
(Morelli et al. 2012) and similar straightforward approaches can be applied to both
strategic and project management.

Adaptation options that provide benefits to multiple resources will often have the
greatest benefit in a particular landscape (Halofsky et al. 2011; Peterson et al. 2011;
Raymond et al. 2014; Halofsky and Peterson 2016, 2017). However, some adapta-
tion options involve tradeoffs and uncertainties that need further exploration.
Assembling an interdisciplinary team to tackle this issue will be critical for assess-
ing risks and developing risk management options.

The climate change vulnerability assessment and adaptation approach developed
by the NRAP can be used by the USFS, National Park Service, and other organiza-
tions in many ways (Table 12.1):

* 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.
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NRAP
Vulnerability assessment/ Next steps ' NRAP
sensitivity
Landscape Climate change adaptation
management strategy strategy/tactic
l ® Increase resilience « No action needed
¢ ;eﬂs;s:nc:ler:ate ® Actionsthat maintain or
Next steps o Facilitate transition protect existing resilience

* Actionsthat mitigate
management impactsto

Realign/restore
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watershed, etc. relevant to ¢ Actions that contribute to
* Accept changes, no . . e
resources) X increasing resilience
actions

Site-specific questions (in
relation to the landscape)

Fig. 12.1 General framework for using NRAP vulnerability assessment and adaptation informa-
tion to ask critical questions and develop a landscape management strategy

1. Extract vulnerability 3. Responses to 4. Consider NRAP
from NRAP critical question adaptation options

Vulnerability assessment/ Landscape management

sensitivity strategy
Increased stream * Passive - Accept changes to q No action recommended
temperatures will alter cold water fish from climatic
nonnative fish interactions influences
» Facilitate transition - Adaptation actions that
1 Maintain and protect only q maintain resilience
those refugia projected for characteristics of refugia
2. Workshop to 90% probability of quality in the 90th percentile
develop habitat

.

Realign/restore systems to
be more resilient Actively q Adaptation actions that

Which critical questions need . L
by mitigate management mitigate management

to be asked to develop

. actions that affect resilience actions affecting resilience
appropriate landscape X i "
mapnpa :ment strate iF:es" in the < 90% probability or pursue actions that
¢ rategies: segments increase resilience

Fig. 12.2 Example of how to answer critical questions and develop a landscape management
strategy for cold-water fish
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Table 12.1 Example of how information on climate change vulnerability and adaptation can be
used in land management applications in dry forests

Vulnerability and adaptation information Land management application

Sensitivity to climatic variability and change
Potential conversion to grassland Forest planning: assessment phase
Many ponderosa pine forests have converted to National Environmental Policy Act
Douglas-fir types because of fire exclusion and (NEPA) project analysis: existing
are therefore more susceptible to future fires condition and best science on effects of

climate change on resource

Adaption strategy

Restore fire-adapted ponderosa pine stand Forest planning: desired conditions
conditions in order to facilitate transition Project NEPA analysis: purpose and
needs

Adaptation tactics

Reduce competition from Douglas-fir and grand Forest planning: objectives
fir (thin, burn) in current mature pine stands Project NEPA analysis: project design
Conduce frequent understory burning features and other mitigation

Retain current mature and older ponderosa pine
stands

Plant ponderosa pine where it has been lost

Adaptation strategies and tactics provide desired conditions, objectives, stan-
dards, and guidelines for land management plans and general management
assessments.

Resource management strategies: Vulnerability assessment and adaptation strat-
egies and tactics can be used to incorporate best science into conservation strate-
gies, fire management plans, infrastructure planning, and State Wildlife Action
Plans.

National Environmental Policy Act (NEPA) analysis for projects: The vulnerabil-
ity assessment provides best available science for documentation of resource
conditions, effects analysis, and development of alternatives. Adaptation strate-
gies and tactics provide mitigation and design tactics at specific locations.
Monitoring plans: The vulnerability assessment identifies 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, climate-smart planning and

management, and implementation of adaptation in the Northern Rockies will prog-
ress quickly in the years ahead. We anticipate that:

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.

jhalo@uw.edu



12 Toward Climate-Smart Resource Management in the Northern Rockies 227

e Agency planning processes will provide opportunities to manage across
boundaries.

e Managers will implement climate-informed practices in long-term planning and
management.

» Restoration activities will be implemented in the context of a changing climate.

 Institutional capacity to manage for climate change will increase within federal
agencies and other organizations.

Some climate-related changes in natural resources will be gradual, and others
will occur abruptly. Timely actions will be necessary in some cases to protect criti-
cal ecosystem components and valued species, especially in the face of increasing
frequency of extreme events (e.g., drought) and disturbances (e.g., wildfire, insect
outbreaks). It will be critical for federal agencies and other organizations to share
their experiences with implementation of climate-smart planning and management,
building on successes and modifying approaches as necessary.

Federal agencies have demonstrated leadership in the implementation of
ecosystem-based management, ecological restoration, and conservation of biologi-
cal diversity over the past 30 years. Incorporating these paradigms in sustainable
resource management required an enormous shift in organizational focus, whereas
incorporating climate change will require mostly “fine tuning” of existing programs
and practice. We are confident that resource managers and scientists in the Northern
Rockies will improve the resilience of both ecosystems and organizations to a
warmer climate, thus ensuring long-term sustainability.
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