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Land managers have a responsibility to preserve the ecological integrity of 
the landscapes they manage. Climate change is a global phenomenon af-
fecting these landscapes in complex ways. Adaptation to climate change 
to sustain ecological integrity requires understanding how this global phe-
nomenon will play out at the landscape scale. Thus, managers and members 
of the public who care about natural systems share a need to translate the 
effects of global climate change to the scale of a park, forest, refuge, or 
other management unit. Complicating this translation are coincident and 
interacting changes in land use. The challenge of maintaining the ecological 
integrity of natural landscapes under the dual onslaught of climate change 
and land use change is a seemingly hopeless task for those managing locally 
without direct access to the regional, much less global, picture. Bringing 
the bigger picture to land managers responding to a rapidly changing world 
is possible, as the following pages make clear. Required is an integration of 
the latest observation technologies, including satellites imaging globally at 
landscape resolutions (i.e., pixel sizes ranging from tens to hundreds of 
square meters) and an interoperable framework for climate and ecological 
models to relate climate and land use changes to ecological responses. 

This book represents the capstone of the Landscape Climate Change 
Vulnerability Project (LCCVP). NASA funded the LCCVP in 2011 to ex-
plore the potential of using a range of observations from satellites to in situ 
sensors with a wide array of models, all operating on a powerful computer 
platform, to forecast the vulnerability of ecosystems and individual spe-
cies to the inseparable twin threats of climate change and land use change. 
The project focus has been landscapes managed by federal land managers. 
More specifically, the project provided analyses, decision support tools, 
and dialogue on climate adaptation for managers working in two landscape 
conservation cooperatives, or LCCs: the Great Northern LCC and the Ap-
palachian LCC. Both LCCs center on mountain ranges, typically seen as 
areas of rapid biological movement under changing climate. However, the 
contrasting responses of life in these two North American mountain chains 
to recent climate reflect the complex and unique ways in which similar but 
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different ecosystems react locally to a global phenomenon. These differ-
ing responses point to the necessity of downscaling the impacts of climate 
change and land use change as closely as possible to the local level, because 
nationally—even regionally—modeled responses are insufficient to address 
management needs.

This book is for those attempting to maintain natural ecosystems and 
the species within them through a period of interacting climate change and 
land use change. It is also for anyone interested in understanding the ef-
fects of these changes on wildlands. Despite the challenging goals, there is 
much hope in these pages. We are developing the tools to allow humans 
to predict and visualize the impacts of change, natural and anthropogenic, 
on the world around us—the world on which we all depend for countless 
environmental goods and services. As a species, we perhaps stand alone in 
the degree to which our actions affect the entire planet. A global footprint 
carries with it great responsibility for how one steps out in the world. Yet 
stepping responsibly requires better understanding of how natural systems 
function and respond to change. The authors assemble cutting-edge re-
search and twenty-first-century technologies to offer stewards and users of 
public lands and surrounding private lands a detailed view of the future for 
North American mountain ecosystems. In so doing, they show the way for 
those interested in conserving natural systems on a changing planet.

Woody Turner
Program Scientist for Biological Diversity and Program Manager for Eco-
logical Forecasting in the NASA Headquarters Science Mission Directorate
Washington, D.C.

July 2015
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1

Most nations around the world set aside some lands from where people 
live and work for the benefit of nature. Wildland ecosystems are those lands 
occupied chiefly by native plants and animals, not intensively used as ur-
ban or residential areas, and not intensively managed for the production 
of domesticated plants or animals (Kalisz and Wood 1995). Public parks, 
forests, grasslands, seashores, and other wildland ecosystems are central to 
the global strategy for the conservation of nature. These areas are also vital 
to the well-being of people. They provide essential ecosystem services, such 
as provisioning of food and water, supporting pollination and nutrient 
cycling, regulating floods and other disturbances, and providing aesthetic 
and recreational services (Wilkie et al. 2006; Friedman 2014). 

While humans have benefited substantially from these services, impacts 
associated with our activities, particularly habitat loss from land conversion, 
climate change, and exotic species introductions, are driving major losses in 
biodiversity and subsequent disruption of ecosystem services (Millennium 
Ecosystem Assessment 2005). A major challenge facing humankind is how 
to sustain ecosystem services in the face of population growth and climate 
change. This challenge is particularly large in wildlands because they have 
become magnets for human development on their peripheries (Theobald 
and Romme 2007; Wittemyer et al. 2008; Radeloff et al. 2010). The chal-
lenge is also great because many wildlands are set in mountains or deserts 
that are undergoing particularly high rates of climate change (Hansen et 
al. 2014). 

Chapter 1

Why Study Climate Change  
in Wildlands?

Andrew J. Hansen

Andrew J. Hansen, William B. Monahan, S. Thomas Olliff and David M. Theobald,  
Climate Change in Wildlands: Pioneering Approaches to Science and Management,  
DOI 10.5822/ 978-1-61091-713-1_1, © 2016 Island  Press.
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This book aims to link science and management to better understand 
human-caused change in wildland ecosystems and to better inform man-
agement to sustain wildland ecosystems and ecosystem services. Within 
the United States, the federal agencies that manage most of our wildlands 
have been charged with consideration of climate change since only 2009. 
Consequently, we focus on the challenge of understanding and managing 
wildland ecosystems under climate change but do so in the context of land 
use that is changing simultaneously. 

Climate Change in Mountain Wildlands 

The US Rocky Mountains in Montana, Wyoming, and Colorado are known 
for soaring summits, expansive public lands, iconic wildlife, blue-ribbon 
trout streams, and long, cold, snowy winters. In many ways, the wild- 
land ecosystems of the region are framed by the harshness of the climate 
(fig. 1-1). The higher elevations are too cold and snowy for many plant 
species to tolerate; consequently, rates of ecological productivity are low, 
and the highest diversity of plant and wildlife species are at lower elevations 
with more equitable climate (Hansen et al. 2000). At first blush, one might 
think that climate warming would benefit ecosystems that are so limited by 
winter conditions. The interactions among climate, ecosystems, and plant 
and animal species are complex, however, especially in the context of hu-
man land use. There are many direct and indirect interactions that can lead 
to threshold changes and surprises. Understanding these interactions is es-
sential to managing these wildlands to sustain native species and ecosystem 
services for people.

Forests at the highest elevations are dominated by pines, particularly 
whitebark pine (Pinus albicaulis) and lodgepole pine (P. contorta). Not only 
are these species uniquely adapted to tolerate cold climate and nutrient-
poor soils, but they may require them. The mountain pine beetle (Den-
droctonus ponderosae) is a native species that feeds on the cambium of these 
pines. A form of natural disturbance in this region, these beetles irrupt ev-
ery few decades and kill large tracts of subalpine forests. In recent decades, 
however, the forest die-off has been larger in area and more continuous 
than in the past, and many old-growth whitebark pine stands have suf-
fered 70 to 90 percent mortality (Logan, Macfarlane, and Willcox 2010). 
The cause? Winter low temperatures have not been cold enough in recent 
years to slow the population growth rate of the beetles, as had been the 
case historically. Thus, a natural disturbance to which the pine trees were 
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adequately adapted has been intensified by climate warming, putting high-
elevation forests at risk. 

Beyond leading to the recommendation of whitebark pine as a can-
didate threatened species, the forest die-off has effects that ripple across 
the ecosystem (chap. 15). The reduction in pine nuts, a major food source 
for grizzly bear (Ursus arctos horribilis) and other species, has led to the 
bears spending more time in lower-elevation habitats where they more fre-
quently encounter humans, typically at the bears’ expense. Loss of subalpine 
forest also increases the melt rate of mountain snow and reduces summer 
streamflows, which are critical to native trout populations, recreational-
ists, irrigation-fed agriculturalists, and the fast-growing local communities 
downstream from the mountains. Most of the whitebark pine stands are 
located in federally designated wilderness areas, where management op-
tions are limited by law. 

Unfortunately, there are many other examples of unexpected responses 
to changing climate. Within rivers and streams in the region, loss of na-
tive Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri) is occurring 
through hybridization with exotic rainbow trout (O. mykiss), with rates of 
hybridization positively linked to warming stream temperatures (chap. 12). 
The conifer forests that dominate much of the east slope of the Rockies 

Figure 1-1   Image of the Teton Range near Jackson, Wyoming. The ecosystems of 
the Rocky Mountains are framed by the harshness of the climate, raising questions 
on the effects of global warming. (Photo by Andrew J. Hansen.)
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are projected by the end of the century to have climate suitable for desert 
scrub vegetation now found in the Wyoming basin (chap. 9). The North 
American elk (Cervus elaphus) in Yellowstone National Park may benefit 
from less snow in winter habitats, but reproduction may be impeded be-
cause summer warming of mountain grasslands has reduced the availability 
of green forage during the time that cow elk are recovering from nursing 
their offspring (Middleton et al. 2013). 

In addition to these more subtle and indirect effects of climate change, 
there are direct and obvious effects. The iconic glaciers in Glacier National 
Park are melting, and the larger glaciers are forecast to disappear entirely 
by 2030 (US Geological Survey 2015). The frequency of severe fire has 
increased, and the extreme 1988 Yellowstone fires are projected to become 
the norm in future decades (chap. 10). Summer flows of rivers and streams 
have been declining and are projected to decline even more in the future 
(chaps. 7 and 12). 

These examples from the Rocky Mountains illustrate how mountain 
ecosystems may be especially sensitive to climate change. Temperature, 
precipitation, and solar radiation levels vary with elevation and aspect in 
mountains. Many species are adapted to narrow ranges of climate in these 
systems. Under climate warming, species may be able to track suitable habi-
tats by shifting to higher elevations. However, land area decreases at higher 
elevations and suitable climate conditions may eventually “move off the 
tops of the mountains,” leaving species that depend on alpine conditions 
stranded (chaps. 6, 9, 10, and 15). Moreover, management options are 
constrained by law in the national parks, wilderness areas, and roadless ar-
eas that dominate land allocation at these higher elevations. For example, 
most of the whitebark pine stands are located in federally designated wil-
derness areas, where management options are limited by law (chaps. 10 
and 15). 

In contrast to the Rocky Mountains, signs of response to climate 
change are much less obvious in the Appalachian Mountains in the eastern 
United States (chaps. 5, 7, 8, and 11). The Appalachians are a veritable 
garden of Eden compared to the Rockies. The warm, humid climate, sum-
mer rains, and fertile soils result in the Appalachians being cloaked in forest. 
These forests are some of the fastest growing and most diverse in plant spe-
cies in North America (Whittaker 1956). The effects of past climate change 
are less obvious here than in the Rockies. There has been some forest die-
off of subalpine forests in the Great Smoky Mountains, but this is primarily 
due to air pollution and the introduction of exotic forest pests (chap. 8). 
The differences between the Rockies and the Appalachians in rates and re-
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actions to climate change illustrate that local study is needed to understand 
and manage wildlands under global change. 

Although the potential effects of climate change are both interesting 
and worrisome in some locations, our knowledge of the rates of climate 
change, the tolerances of species to these changes, and the potential changes 
in ecosystem services to humans is embryonic. For any given unit of land, 
such as a national park or national forest, certain fundamental questions 
have not yet been addressed:

• How much has climate changed over the past century, and how is it 
projected to change in the future?

• Has there been a trend in climate change above the natural vari- 
ability?

• Which of the directional climate changes are significant ecologically? 
• What ecosystem processes and species are most vulnerable to projected 

climate change and in which places are they most vulnerable?
• For vulnerable species, which adaptation and management options are 

feasible and likely to be effective?

Also poorly understood are means of managing wildland ecosystems 
to make them more resilient to climate change. Both the science and the 
management are challenged by the very nature of human-induced climate 
change (chap. 3). It is manifest over time periods (decades) that are long 
relative to resource management and scientific study horizons and even 
relative to the career spans of scientists and managers. It is occurring across 
regional to continental-sized areas that greatly exceed the spatial domains 
of individual national forests and national parks, necessitating interagency 
collaboration. Disentangling the signal of human-induced climate change 
from the pronounced natural variation is difficult and creates doubt in  
some sectors of society as to whether humans are altering global climate. 
Land use intensification around wildlands constrains management options. 
In combination, these factors result in climate change being a major chal-
lenge to resource managers. Agency policies are not yet well defined. Meth-
ods of linking climate science with management are underdeveloped. And 
few case studies exist of implementing management actions to mitigate the 
effects of climate change. 

Fortunately, scientific and natural resource agencies and organizations 
in the United States have launched a plethora of initiatives, programs, and 
studies in recent years to bolster the capacity to respond and to increase 
knowledge on the science and management of climate change (chaps. 2, 
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3, and 13) (Halofsky, Peterson, and Marcinkowski 2015). For example, 
both the US Department of the Interior (DOI) and the US Department 
of Agriculture have initiated various programs to meet these management 
challenges. The National Park Service Inventory and Monitoring Program 
(NPS I&M) was created in 2000 to provide a framework for scientifically 
sound information on the status and trends of conditions in the national 
parks (Fancy, Gross, and Carter 2009). 

Based partially on the success of the NPS I&M, in 2009 the DOI 
launched the creation of landscape conservation cooperatives (LCCs) 
across networks of the federal lands (US DOI 2009). The goal of the 
LCCs is to craft practical, landscape-level strategies for managing climate 
change impacts, with emphasis on (1) ecological systems and function, 
(2) strengthened observational systems, (3) model-based projections, (4) 
species-habitat linkages, (5) risk assessment, and (6) adaptive management. 
Related funding agencies, such as the National Science Foundation and 
the National Aeronautics and Space Administration (NASA) Earth Science 
Program, have created initiatives to support research and application of cli-
mate change science. 

The DOI recently adapted an existing framework for linking science 
and management to cope with climate change (Glick, Stein, and Edel- 
son 2011; Stein et al. 2014). The key elements of the framework are to 
(1) identify conservation targets, (2) assess vulnerability to climate change, 
(3) identify management options, and (4) implement management op-
tions (chap. 2). However, there are several challenges to implementing  
this framework (chap. 3), and few demonstrations of the approach exist  
to date (Janowiak et al. 2014; Halofsky, Peterson, and Marcinkowski 
2015).

Aims of This Book 

As stated at the opening of this chapter, a major challenge facing human-
kind is how to sustain both nature and ecosystem services in the remaining 
wildland ecosystems under climate and land use change. Toward this end, 
we seek in this book to develop and demonstrate means of bridging science 
and management to understand the rates and impacts of climate change in 
wildland ecosystems and to evaluate alternative strategies for managing to 
cope with these changes. We focus on two of the newly formed LCCs: the 
Great Northern LCC, which is centered on the northern Rocky Moun- 
tains, and the Appalachian LCC (fig. 1-2). Progress on merging climate sci-
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ence and management in these mountain ecosystems will hopefully provide 
a basis for subsequent applications in other LCCs. More specifically, our 
objectives are to:

• tell the story of change over the past century and potential change in 
the coming century for the Rockies and the Appalachians;

• evaluate the vulnerabilities of ecosystem processes and vegetation as a 
basis for prioritizing elements for management;

• develop and evaluate management alternatives for the most vulnerable 
elements and make recommendations for implementation;

• demonstrate the approach for climate adaptation planning that has 
been embraced by the US DOI;

• elucidate the lessons learned that may help these methods to be applied 
in other locations. 

This book emerged from a five-year project called the Landscape and 
Climate Change Vulnerability Project funded by the NASA Earth Science 
Program, which seeks to use remote sensing products to inform climate 
change adaptation. The NASA Earth Science Program recognized the po-
tential for the LCC program to make progress on the serious challenges 
that climate change poses to resource management and issued a call for 
proposals in 2010 to examine biological response to climate change in the 
context of newly forming LCCs. The past five-year period has been one of 
rapid progress in climate science, ecological forecasting, agency programs 
and policies on climate change, and management approaches. We hope 
to capture in this book the nature and excitement of this progress to best 
communicate the current “state of the art” of climate change adaptation in 
wildland ecosystems. 

Members of the core project team have been at the center of this evolu-
tion in climate change adaptation. John E. Gross, with the National Park 
Service, was a leader in the development of the NPS I&M, which moni-
tors change in the condition of natural resources across US national parks. 
During this project, he transitioned to becoming a lead scientist in the Na-
tional Park Service Climate Change Response Program. In this role, he has 
contributed to pivotal policy documents, such as Scanning the Conservation 
Horizon (Glick, Stein, and Edelson 2011) and Climate-Smart Conservation 
(Stein et al. 2014). S. Thomas Olliff, as chief of resources for Yellowstone 
National Park, helped initiate the first climate change assessments across 
the Greater Yellowstone Ecosystem. He is currently expanding the assess-
ment framework to other national parks as chief of landscape conservation 
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and climate change for the National Park Service Intermountain Region 
and across the Great Northern LCC as its co-coordinator. 

Forrest Melton and colleagues at NASA’s Ames Research Center have 
developed a sophisticated computer simulation system to hindcast and 
forecast ecosystem processes under changing climate conditions. These 
modeling and analysis tools have been widely applied to natural resource 
issues, including wildland ecosystems (chap. 7), and currently to drought 
impact assessment in California. David M. Theobald, with Conservation 
Science Partners, has developed models of land use change across the 
United States and used the results to quantify connectivity of natural land- 
scapes. His connectivity products are being widely used by LCCs and 
leading conservation organizations. Scott Goetz and Patrick Jantz of the 
Woods Hole Research Center have pioneered the use of remote sensing  

Figure 1-2   Our analyses focus on the US Rocky Mountains portion of the Great 
Northern Landscape Conservation Cooperative (LCC) (left) and the Appalachian 
LCC (right). Results were summarized across the LCCs and within national parks 
and their surrounding ecosystems (known as protected area centered ecosystems, 
or PACES). The PACES and the LCCs include vast wildlands as well as rapidly de-
veloping private lands. Managing across these public and private lands in the face of 
climate change is a special challenge in many wildland ecosystems.
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for regional-scale analysis of land use and biodiversity across the United 
States and globally, with a long history of applications in the Mid-Atlantic 
states. 

William B. Monahan, formerly a lead NPS ecologist of the national 
I&M program and now working in a similar capacity with Forest Health 
Protection of the USDA Forest Service, is an expert in species distribution 
and climate modeling. He works closely with resource managers across the 
National Park Service system to integrate climate science into park man-
agement. Andrew J. Hansen, at Montana State University, has published 
widely on land use and climate effects on biodiversity, especially in the con-
text of national parks and protected areas. Initially focusing on the Greater 
Yellowstone Ecosystem, he has expanded these studies to national and in-
ternational applications. In addition to leading this current project, he is a 
science team leader for the North Central Climate Science Center. 

Our agency collaborators have faced the challenge of deciding whether 
and how to include consideration of climate change in their daily activities. 
These collaborators (chap. 3) include natural resource specialists from each 
of the national parks in the project area and from the surrounding national 
forests and Bureau of Land Management lands. Agency scientists within 
the NPS I&M Rocky Mountain, Greater Yellowstone, and Eastern Riv-
ers and Mountains networks have also contributed data, knowledge, and 
realism to the effort. These collaborators have been involved in the project 
from the outset and have played a vital role in the success of the project in 
“closing the science/management loop.”

Overview of Chapters 

The book is organized around the key steps in the Scanning the Conser- 
vation Horizon framework (table 1-1; Glick, Stein, and Edelson 2011) and 
the more detailed Climate-Smart Conservation framework that followed 
(Stein et al. 2014), both mentioned earlier in this chapter. Part 1 describes 
the overall approach. In chapter 2, lead author John E. Gross elaborates 
on the framework and how it was implemented in this project. Chapter 3, 
led by S. Thomas Olliff, explores the challenges resource managers face in 
confronting climate change and strategies used in the project to identify 
high-priority conservation needs.

Part 2 summarizes past and projected exposure to climate and land  
use change. Chapters 4 and 5, led by John E. Gross and Kevin Guay, 
quantify change in climate in the past century and projected for the com- 
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ing century for the Great Northern LCC and the Appalachian LCC,  
respectively. Chapter 6, led by David M. Theobald, analyzes climate and 
land use change for landform units of interest to resource managers and 
relative to factors of adaptive capacity of those landforms within the Great 
Northern LCC. 

Part 3 explores the ecological consequences of these changes in cli- 
mate and land use. Chapters 7 through 12 evaluate the potential impacts  
of this climate change on ecosystem processes, such as primary produc- 
tivity, and on tree species, plant communities, and native fish. These chapters  
also identify the species and communities that are most vulnerable to cli-
mate change. 

Table 1-1.  Road map of the book chapters relative to the four steps in the Scan-
ning the Conservation Horizons framework and by landscape conservation coop-
erative (LCC).

Part Chapter  Scanning the Conservation Horizons Step LCC

    Evaluate Implement Great  
  Identify Assess Management  Management Northern Appalachian
  Needs Vulnerability Options Options LCC LCC

Introduction 1 X X X X X X
Approaches
 2 X X X X  
 3 X    X X
Climate and Land Use Change
 4  X   X 
 5  X    X
 6 X X   X 
Ecological Consequences and Vulnerabilities
 7  X   X X
 8 X X    X
 9 X X   X 
 10 X X   X 
 11 X X    X
 12 X X   X X
Managing under Climate Change
 13   X X X X
 14   X X X 
 15   X X X 
 16 X X X  X 
Conclusion 17 X X X X X X
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Using climate science to inform management is the focus of part 4. In 
chapter 13, S. Thomas Olliff and agency collaborators examine approaches 
for developing and evaluating management alternatives for coping with 
climate change. The next two chapters focus on individual national parks 
and surrounding lands and aim to “tell the stories” of climate change and 
management in these parks. Focal parks include Rocky Mountain National 
Park (chap. 14) and Yellowstone/Grand Teton National Parks (chap. 15). 
Perhaps it is through the places that we know and love that we can best 
come to understand climate change and learn how to manage for healthy 
ecosystems. Chapter 16 takes a step back from climate adaptation planning 
for individual natural resources and asks how well the overall ecological 
integrity of the Greater Yellowstone Ecosystem has been sustained. It is at 
this full ecosystem scale that our success as stewards of wildlands can best 
be evaluated. The closing chapter draws together the main findings of the 
book and identifies the lessons learned that should be useful to applications 
in other places. 

Intended Audience 

The intended audience includes scientists and managers from federal pro-
grams, increasingly coordinated through LCCs, who are pioneering the 
incorporation of climate science into resource management. In this regard, 
we focused on a subset of the ecosystem processes, species, and resources 
that are of high importance in wildlands. We limited consideration to those 
response variables that we could hindcast, forecast, and analyze with rig-
orous scientific methods. By demonstrating the linkage of strong climate 
and ecological science and management for the topics for which we have 
expertise, we hope to help facilitate progress for other important compo-
nents of ecosystems. The book is also intended for citizens and policy mak-
ers interested in climate change in the Rockies and the Appalachians. Ulti-
mately, effective management of our federal lands is driven by the concern 
and input of our broader society, and we hope this book helps people better 
understand and appreciate the challenges climate change presents to these 
iconic mountain wildland ecosystems. 
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PART 1

Approaches for Climate  
Adaptation Planning

How can science and management be brought together to keep ecosys- 
tems healthy under climate and land use change? We open the book with 
an overview of the methods that have been proposed and a focus on a 
conceptual approach that has been widely embraced by federal resource 
agencies. The Climate-Smart Conservation framework expands on the 
traditional adaptive management approach that originated in the 1970s, 
in which management actions are done in the context of experiments such 
that resource managers implement management actions, monitor their 
effectiveness, and iteratively modify the approach to improve effectiveness. 
The Climate-Smart Conservation framework adds consideration of climate 
impacts and vulnerabilities to this “learn as you manage” approach. 

Chapter 2 describes the steps in the Climate-Smart Conservation 
framework and elaborates on how we implemented the approach in our 
Landscape Climate Change Vulnerability Project (LCCVP). It provides 
details on the study areas of interest to the project and the collaborating 
agencies. The gulf between concept and application can be vast. Chapter 3 
is an honest assessment of the numerous impediments to actually executing 
the Climate-Smart Conservation framework across US federal lands. The 
key challenges of bridging scientist and resource management cultures and 
mind-sets in the context of the complexities and uncertainties of climate 
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change are elucidated. We identify our key agency partners and summarize 
some of the approaches we used in the LCCVP to begin to overcome these 
challenges. 

In total, part 1 provides a road map for the book in moving from broad 
concepts and theory to rolling up sleeves and getting on with the business 
of managing ecosystems under climate change and land use change.
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Many agencies and managers recognize the adverse effects of climate 
change, but they are struggling to find information that helps them under-
stand, plan for, and respond to existing and projected changes. The science 
of climate change adaptation is still a young and rapidly evolving field. Al-
though there has been explosive growth in information on climate changes, 
much of the existing information is focused on general issues and at very 
broad scales that are more relevant to informing policy than to helping 
place-based resource managers. So, while the effects of climate change are 
now very well documented, there are still few examples of how to actually 
do climate adaptation planning for conservation at the scales most relevant 
to on-the-ground managers. 

Our work on climate adaptation addressed the goals articulated in 
chapter 1 but, ultimately, real success will be measured by the transfer of 
knowledge from the scientific community to managers and the application 
of this knowledge to management decisions. Thus, our work had a very 
strong management focus and was organized around activities that reflect 
the latest developments in climate adaptation (Stein et al. 2014). Agen-
cies’ responses to climate change fall into the broad categories of adaptation 
and mitigation. Adaptation is the active response to a changing climate. 
Activities that constitute adaptation include on-the-ground actions as well 
as changes in planning, interpretation/education, flexible decision making, 
allocation of budgets to research and staffing, and a host of other strate-
gic and operational activities (National Research Council 2010). Mitiga-

Chapter 2

Effectively Linking Climate Science  
and Management

John E. Gross and S. Thomas Olliff

Andrew J. Hansen, William B. Monahan, S. Thomas Olliff and David M. Theobald,  
Climate Change in Wildlands: Pioneering Approaches to Science and Management,  
DOI 10.5822/ 978-1-61091-713-1_2, © 2016 Island  Press.



18 approaches for climate adaptation planning

tion constitutes activities to reduce the magnitude of future changes, pri- 
marily by reducing emissions of greenhouse gases. Mitigation contributes 
to adaptation by reducing the magnitude of climate changes and necessary 
adaptive responses. There may be conservation co-benefits to mitigation 
actions (e.g., carbon sequestration via altered fire regimes), but mitigation 
and nature conservation activities need to be evaluated against their specific 
goals. Our work focused on adaptation, with the recognition that lands are 
managed to meet many goals, including climate mitigation and the provi-
sion of multiple ecosystem services.

Many existing and familiar tools and concepts will effectively address 
climate adaptation, but these may need to be applied in new ways or places 
and in the context of goals that facilitate transitions rather than stasis. 
Most managers simply don’t have time to discover, learn, and apply a large 
and rapidly expanding suite of new tools and techniques. For the foresee-
able future, the most effective climate adaptation will rely on developing 
partnerships in which scientists and science translators make available the 
relevant science—some of which already exists and much of which is in 
process—and collaborate with land managers to address resource issues in 
a climate-informed way. The future of managing natural resources will de-
pend more and more on working with partners at ecosystem and landscape 
scales to address issues that transcend traditional administrative and disci-
plinary boundaries. Understanding and developing effective partnerships 
is thus the focus of chapter 3. First, in this chapter, we describe the overall 
approach and conceptual foundations of our work. Climate adaptation is a 
work in progress, and it’s not perfect. Our experiences and those of others 
are contributing to better on-the-ground climate adaptation. 

Adaptation Framework

Climate adaptation involves all of the steps in traditional “good planning” 
as well as some new steps. Stein and Glick (2011) presented a simple frame-
work for climate change adaptation based on existing conservation plan-
ning frameworks (fig. 2-1). A key strength of this simple conceptual frame-
work is the clarity with which it articulates key steps for climate adaptation 
without getting distracted by the detailed work required at each step. The 
four steps are to (1) identify conservation targets, (2) assess vulnerability 
to climate change, (3) identify management options, and (4) implement 
management options. 

The simple framework in figure 2-1 captures the essence of the 
adaptation process and stresses the outcomes of each step that feed into 
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following activities. However, each of the four steps is composed of actions 
and activities that can pose serious challenges and require substantial time, 
resources, and effort to accomplish. To more fully illustrate and plan for 
the processes and key feedbacks involved in real-world adaptation projects, 
we followed a more detailed adaptation framework that embellishes the 
simple framework by breaking the four basic steps described in figure 2-1 
into discrete activities and that explicates the monitoring and evaluation 
necessary for adaptive management (fig. 2-2; National Park Service 2010; 
Cross et al. 2013; Stein et al. 2014). 

We focused primarily on this detailed framework—known as the 
Climate-Smart Conservation framework (Stein et al. 2014)—because the 
additional detail facilitated project management, and because the frame-
work was developed with multiple partners, including land management 
agencies, at the table. Training designed around the Climate-Smart Con-
servation framework and supported by the US Fish and Wildlife Service 
National Conservation Training Center helps to generalize and promote 
the approach used by the Landscape Climate Change Vulnerability Project 
(LCCVP) team. The Climate-Smart Conservation framework builds from 
and embellishes on the four-step framework in Scanning the Conservation 
Horizon (Stein and Glick 2011) and expands it to include seven steps.

Key activities and outcomes of the seven steps in the Climate-Smart 
Conservation framework shown in figure 2-2 are as follows:

Figure 2-1   Four fundamental steps in a simple conceptual model of planning and 
implementing climate adaptation, emphasizing the products of each step that feed 
into the next step. In practice, each step in this diagram consolidates a number of 
activities. (Modified from Stein and Glick 2011.)
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Step 1. Identify conservation goals and objectives. Assemble the initial 
team, and ensure that the project has a clear purpose. Examine the 
relevance of existing conservation goals and conservation targets (tar-
gets can be species/communities, ecological systems, biomes, or other 
resources). Agree on the geographic area, time frame, and other aspects 
of the overall design. Ensure that the overall effort is realistic and scaled 
to the detail needed to support relevant decisions, staff time, expertise, 
and funding. 

Step 2. Assess climate impacts and vulnerabilities. Evaluate the impacts 
and results from vulnerability assessments, and identify key vulnerabili-
ties. Vulnerability assessments identify what is at risk and why—while 
considering both climate and nonclimate factors. Climate change vul-
nerability is typically broken down into exposure, sensitivity, and adap-
tive capacity. Exposure accounts for physical conditions or changes in 
conditions (temperature, precipitation, freezing, and so forth) experi-
enced by the conservation target. Exposure is primarily extrinsic, and it 
is often estimated using the results of climate models. Sensitivity repre-
sents the degree to which a target will be affected by, or responsive to, 
stimuli such as climate. Sensitivity is primarily composed of intrinsic 

Figure 2-2   The Climate-Smart Conservation framework for designing and im-
plementing climate adaptation for natural resources. (Modified from Stein et al. 
2014.) 
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characteristics, such as physiological sensitivity to heat or cold, pH, or 
humidity. Adaptive capacity refers to the ability of the target to adapt to 
changes and can be modified by management actions that, for example, 
alter habitat connectivity or external stressors.

Step 3. Revisit (review/revise) conservation goals and objectives. Based on 
results and insights from steps 1 and 2, conservation goals and objec-
tives should be reviewed to ensure that they are still relevant and real-
istic. For example, the vulnerability assessment may suggest that it will 
be extremely difficult or impossible to sustain stable populations over 
the current range of a species.

Step 4. Identify adaptation options. Climate-informed goals and vulnera-
bility assessments provide a basis for identifying potential management 
responses. In many situations, current practices will be inadequate in 
the future, and it is important to be creative and consider new prac-
tices. Techniques for identifying options include expert elicitation, sce-
nario planning, and focus groups (West and Julius 2014). 

Step 5. Evaluate and prioritize adaptation actions. With a broad range 
of potential responses identified in step 4, step 5 narrows the options. 
Evaluation of options often requires careful evaluation of ecological 
models and consideration of costs, practicality, risks, and public sup-
port. To avoid any inhibition of the creative process and to help ensure 
that all options are on the table, the evaluation and selection of adap-
tation options should almost always be distinct from the process of 
identifying potential options. 

Step 6. Implement priority adaptation actions. Implementation is the nat-
ural consequence of selecting options, but often barriers must be over-
come. These include regulatory compliance (e.g., with the National 
Environmental Policy Act), funding, resistance to changing manage-
ment practices, or uncertainty in the outcome. 

Step 7. Track action effectiveness and ecological responses. When implemen-
tation is being planned, monitoring and evaluation should be integral 
to the design. Currently, there are few examples of the implementa-
tion of climate adaptation and even fewer results from the evaluation 
of climate adaptation actions. Adaptation poses special challenges for 
monitoring (Bours, McGinn, and Pringle 2014).

The bulk of this volume describes how LCCVP developed and demon-
strates practical ways to accomplish all steps in the framework up to imple-
mentation. We expect that the results of this project will lead to imple-
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mentation of desirable adaptation options by a broad range of partners, 
including the National Park Service, the US Forest Service, and state and 
other public and private land managers. For federal land managers, imple-
mentation of some options will trigger lengthy review and compliance pro-
cesses (e.g., National Environmental Policy Act and public outreach). 

Study Area and Approach

Our work focused on the Rocky Mountains ecoregion of the Great North-
ern Landscape Conservation Cooperative (http://greatnorthernlcc.org/) 
and the Appalachian Landscape Conservation Cooperative (http://applcc.
org/; fig. 1-2 in chapter 1). In addition to the landscape conservation co-
operatives (LCCs), the project addressed a variety of other places at vary-
ing spatial scales that are relevant to conservation. Most commonly, these 
included the formal boundary of the national park units and the surround-
ing protected area centered ecosystems, or PACEs (Hansen et al. 2011). 
These areas of analysis provided ecological and management-relevant case 
studies for vulnerability assessment and management applications. Parks 
within these areas include Grand Teton, Yellowstone, and Rocky Moun-
tain National Parks in the Great Northern LCC, and Delaware Water Gap 
National Recreation Area and Shenandoah and Great Smoky Mountains 
National Parks in the Appalachian LCC. All of the park PACEs include 
lands managed by the US Forest Service; additional parts of the PACEs are 
managed by the US Bureau of Land Management, the US Fish and Wild-
life Service, states, private citizens, and other jurisdictions.

Analyses directed to managers of specific sites (i.e., parks, ecosystems) 
generally used the PACE as the area of analysis (Hansen et al. 2011). Few, if 
any, protected area boundaries within the United States were originally de-
lineated specifically to sustain all of the native biodiversity that exists in the 
area. To help managers and scientists identify habitats—inside and outside 
a park’s boundaries—required to sustain the integrity of a park’s biodiver-
sity, we developed and applied a methodology that accounted for species 
area requirements, key habitats, disturbances, and edge effects. These de-
lineations of PACEs have proven useful for various analyses of park condi-
tions, historical trends, and projections of future threats to parks (Hansen 
et al. 2011, 2014; Davis and Hansen 2011; Amberg et al. 2012; Piekielek 
and Hansen 2012).

Because the scope of our studies encompassed a broad geographical 
extent and considered both historical and projected observations, we relied 
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on remotely sensed data and derived products (Gross et al. 2006, 2011). 
These were combined with on-the-ground observations of species occur-
rences, soils, runoff, and other data in statistical and ecological simulation 
models. We relied on publically available data from the National Aeronau-
tics and Space Administration (NASA) and the models, data, computa-
tional facilities, and associated infrastructure available through the NASA 
Earth Exchange (NEX) at the NASA Ames Research Center (Nemani et 
al. 2009).

Approach of the Landscape Climate Change  
Vulnerability Project

From the beginning we recognized that climate adaptation would be a  
continuous, ongoing process with short- and long-term goals and objec-
tives as well as options that applied at small to very large areas. The science-
oriented component of our project thus required an integrative approach 
for assessing past changes and the current status of system drivers and states 
along with an ability to forecast a range of potential future climate sce-
narios and the resulting trends of key conservation targets and ecosystem 
properties. 

To achieve this integration, we used the overall project design summa-
rized in figure 2-3, which identifies land use and climate changes as domi-
nant, broad-scale drivers of change. In effect, we used a complementary set 
of coarse- and fine-filter indicators (Noon, McKelvey, and Dickson 2009; 
Gross and Noon 2015). Our coarse-filter indicators characterized the en-
vironment at the landscape scale using vegetation and land cover maps de-
rived from remotely sensed data, gridded and station-based climate data, 
maps of roads, and calculated indicators, such as naturalness and degree 
of human modification (chap. 6; Theobald 2013). The coarse-filter indi-
cators we measured were defined independently of any particular species, 
and they attempted to capture key attributes and habitat requirements of 
entire species’ communities. A basic assumption for using coarse-filter in-
dicators is that they can provide an independent means to estimate and 
predict the distribution of species and conservation targets in the landscape. 
When coarse-filter indicators accurately account for the distribution of con-
servation targets, they can be an effective means to support decisions on 
management to prevent loss of species (Margules and Pressey 2000), to 
maintain landscape connectivity (Brost and Beier 2012), and, for LCCVP, 
to provide an assessment of landscape-level adaptive capacity (chap. 6).
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For more detailed assessments and to identify actionable, site-specific 
management options, we supplemented the coarse-filter indicators with 
fine-filter targets and analyses. The fine-filter targets focused on individual  
species, specific sites, and other ecological characteristics that required de-
tailed site- and species-specific information. Fine-filter analyses include de-
tailed assessments of forest tree species and fish (part 3 in this volume). 

Ecological Models and Forecasting

Because most effects of climate changes will be expressed in the future, 
ecological models are central to planning for climate adaptation. Our ap-
proach used a complementary set of models that forecasted changes in the 
highest-level drivers: land use and land cover change, and climate-driven 
ecosystem dynamics. At the broadest level, many of our analyses relied on 

Figure 2-3   Simplified diagram of the ecological modeling approach that served 
as a foundation and framework for the project. This figure illustrates the flow of key 
input data (top) to the primary modeling environments (SERGoM and TOPS) and 
then to the synthesis and assessment products (bottom).
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high-resolution (0.5 mile, 30 arc-second [800 meter]) downscaled climate 
data developed on NEX in collaboration with NASA Ames (Thrasher et 
al. 2013). Future changes in housing density, a key aspect of rural land use 
around protected areas, were forecast using SERGoM (Spatially Explicit 
Regional Growth Model; Theobald 2005), a spatially explicit model that 
estimates the density and location of development. Ecosystem dynamics 
were forecasted using models managed and executed within the NASA 
TOPS (Terrestrial Observation and Prediction System) ecosystems mod-
eling environment (Nemani et al. 2009). The ecosystem models forecast 
future changes in vegetation productivity, distribution of broad vegetation 
classes, changes in seasonality of growth and senescence, runoff, and snow 
dynamics. 

Results from LCCVP model experiments provided quantitative esti-
mates of current ecosystem states that were compared with on-the-ground 
measurement to calibrate and verify model performance. Many of these 
results are presented in part 3. In general, LCCVP simulations used both  
a best-case reduced emissions pathway and a “business as usual” future 
greenhouse gas emissions pathway—representative concentration pathways  
4.5 and 8.5, respectively. Although it appears unlikely that greenhouse gas 
emissions will be reduced in the immediate future, the range of future cli-
mate trajectories provides insights to the potential magnitude of ecological 
impacts that we can expect (chap. 7). 

Vulnerability Assessment

Climate change vulnerability assessments are the key result of step 2 in 
the adaption framework (fig. 2-2). The three components of vulnerability 
(exposure, sensitivity, and adaptive capacity) were evaluated at ecological 
levels from species to biomes (table 2-1). Key components of exposure are 
the magnitude of change in climate (chaps. 4 and 5) and land use (chap. 
6). These are critical, broad-scale constraints on ecological processes and 
biodiversity. Sensitivity of ecosystem processes was evaluated via changes 
in ecosystem processes, the breadth of climates that determine species dis-
tributions, and the response of broader vegetation types to climate changes. 
Adaptive capacity has proved to be particularly challenging to define and 
capture with ecological indicators (Stein, Glick, and Hoffman 2011; 
Nicotra et al. 2015). Chapters in part 3 focus on vulnerability of species and 
ecosystems, and they consider adaptive capacity in different ways. Chapter 
6, for example, evaluates adaptive capacity as a function of exposure to hu-
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man modifications and physiographic diversity. Chapter 11 uses dispersal 
ability, propagule pressure, and fragmentation to assess adaptive capacity of 
forest trees. These studies are examples of new ways to generate and evalu-
ate information needed for climate change adaptation.

Review Conservation Goals and Evaluate Management Options

A main objective of meetings early in the LCCVP project was to identify 
important conservation goals and objectives that guided us in the selec-
tion of resources for further study and assessment. With preliminary or fi-
nal results of analyses of climate changes, species distribution models, and 
vulnerability assessments, we needed to revisit resource management goals 
and use our results to collaboratively identify potential management op-
tions. To identify and articulate generic adaptation actions and strategies, 

Table 2-1.  Components of vulnerability and general approach and data for  
evaluating the components at three levels of ecological organization.

Component of  Species/ 
Vulnerability Communities Ecological System Biomes

Exposure Climate (NEX-DCP301, Climate (NEX-DCP30,  Climate4 and 
 WorldClim2) and land  WorldClim) and land land use 
 use (SERGoM3)  use (SERGoM)  (SERGoM) 
 projections projections projections 

Sensitivity Habitat suitability  Habitat suitability Biome BGC 
 modeling modeling; TOPS5  projections5; 
  projections controls of NPP;  
   ecosystem model  
   responsiveness

Adaptive  Species and habitat Landscape physiography;  Diversity at 
Capacity traits ecosystem modifications;  ecological system 
  connectivity; protection level; conservation  
   context

1 Thrasher et al. 2013.
2 Hijmans et al. 2005.
3 Spatially Explicit Regional Growth Model; Theobald 2005.
4 Rehfeldt et al. 2006.
5 Terrestrial Observation and Prediction System; Nemani et al. 2009.
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we reviewed existing management plans (e.g., Greater Yellowstone Coor-
dinating Committee 2011) and developed alternatives based on published 
literature, current management practices, and projected impacts to ecologi-
cal systems and focal species based on this project (e.g., West and Julius 
2014; Schmitz et al. 2015). Other adaptation options emerged as insights 
from collaborations between scientists and managers (chap. 13). 

Key Partners

Climate impacts are blind to jurisdictional boundaries, and effective adap-
tation requires a greater degree of collaboration among managers, agencies, 
and scientists than do many other management activities. LCCVP addresses 
a very broad and complex topic, across a vast geographical extent. This is 
the nature of many important climate adaptation projects, and effective and 
mutually beneficial partnerships are critical to the success of this activity 
and similar ones. As a result, the work reported in this volume was possible 
only because many partners generously shared their time, expertise, and 
insights. We thank all of our many partners.

Climate adaptation studies are fundamentally place based, and many 
LCCVP studies used national parks as an identifiable focal location, with 
the caveat that we used the park PACE as a starting point for defining the 
boundary for ecological analyses. The area of a park PACE always extended 
well beyond the park boundary (Hansen et al. 2011; Davis and Hansen 
2011). NPS staff were key collaborators throughout the project, identify-
ing high-priority resources, providing insights and feedback, and critically 
helping identify practical management options that respect agency goals, 
regulatory constraints, and the myriad practical considerations of managing 
complex ecosystems. Many parks in both the Great Northern LCC and the 
Appalachian LCC are adjacent to national forests, and US Forest Service 
scientists and managers have contributed throughout the project. Many 
high-priority resources—and thus LCCVP studies—rely on detailed analy-
ses of forest trees and their response to climate changes. US Forest Service 
personnel are experts on these topics, and they provided data and advice 
and have been collaborators and coauthors. The LCCs were designed to 
facilitate landscape-scale conservation, and they have been integral to our 
overall efforts. Other noteworthy partners have been the Greater Yellow-
stone Coordinating Committee’s Whitebark Pine Subcommittee, which 
was essential to our work on five-needle pines. The US Geological Survey’s 
North Central Climate Science Center has worked closely in developing 
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climate data products, supporting related climate adaptation studies, and 
sharing insights and discussions throughout this study.

Many of the key scientists were introduced in chapter 1. The LCCVP 
team is large, diverse, and distributed across agencies and institutions, from 
NASA’s Ames Research Center in California to the Woods Hole Research 
Center in Massachusetts. Most of the key contributing scientists are au-
thors on one or more chapters in this book.

Data and Information Transfer

Research-management partnerships to address important climate adapta-
tion issues will invariably take a long time, engage many diverse audiences, 
and generate a huge variety of products. We found that effective commu-
nication and information transfer required the project team to develop and 
present a multitude of products that vary in length, technical detail, and 
format to meet specific and different needs (Gross et al. 2011). For a com-
plex project, there’s no “one-size-fits-all” communication product. A full ar-
ray of documents—from peer-review publications to short, public-focused 
brochures—facilitated communication. The most effective communication 
requires the right information, delivered to the right people, in the right 
format, at the right time. 

Table 2-2 summarizes six major categories of products used or pro-
duced by LCCVP. This table illustrates that product management for proj-
ects such as ours is an increasingly difficult challenge because products 
range from slide-based presentations, brochures, publications, and code to 
run models and statistical analyses to complex ecological model results and 
enormous raw data sets and imagery. There is no single host through which 
discovery, provision, and archiving services can be provided for all of these 
products, in part simply because of the huge volume of computer storage 
needed to archive climate and simulation model outputs. To ensure persis-
tence and the long-term utility of the most important results, we adopted 
a multifaceted strategy for disseminating information and archiving results 
and products.

Our options for data and product management were driven largely by 
those who we most wanted to use the results from the project. Resource 
managers were our primary partners and audience, and the science–man-
agement team collaborated in the development of presentations, resource 
briefs, reports, and publications that were designed to support existing and 
future management planning processes. Most of these products are suitable 
for archiving in the National Park Service Information System (IRMA). 
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Records in IRMA are harvested by US Department of the Interior (DOI) 
information systems and are discoverable on the DOI public websites 
(www.doi.gov/data and www.data.gov). Storage of large data sets, such as 
climate data and simulation model results, was facilitated by partnerships 
with other agencies, most notably NASA and the US Geological Survey 
(table 2-2). 

Table 2-2.  Categories of products and strategies for their management to 
ensure discovery, access, and persistence.

Type of Product Intended Audience Disposition

Resource and climate Managers, engaged NPS IRMA/data.gov1, 
briefs, presentations public; primarily  project websites 
 nontechnical  
 stakeholders 
Technical reports  Scientists, resource NPS IRMA/data.gov, 
and publications managers,   peer-reviewed 
 consultants, some publications 
 decision makers
Administrative and  Project staff, funders,  NPS IRMA/data.gov; 
project  reports,  auditors project website 
concept papers
Derived spatial data  Scientists, spatial Various; NPS IRMA/ 
sets (habitat maps,  analysts data.gov, North Central 
connectivity, housing   Climate Science Center,  
density)  USGS GeoDataPortal,  
  Great Northern LCC
Climate data Scientists Accessed from original  
  sources; not stored by  
  this project
Simulation model results Scientists NASA Ames Research 
(e.g., primary produc-  Center 
tivity, leaf area index,  
soil moisture, runoff)  

1 IRMA (Integrated Resource Management Applications; https://irma.nps.gov/App/Portal 
/Home) is a primary NPS application for long-term management of digital information. 
Services include extensive searching (discovery), direct access to materials, and long-term  
archiving.  IRMA records are harvested by data.gov, a primary data source for the US govern-
ment, providing a degree of visibility and discoverability.
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Conclusion

Climate change poses one of the greatest and most complex challenges that 
natural resource managers have ever faced. Climate adaptation will be an 
ongoing process to respond to climate challenges, and it will require effec-
tive partnerships between scientists and managers. In this chapter, we de-
scribed a range of processes, activities, analyses, interactions, and complexi-
ties that characterize broad-scale, real-world conservation projects such as 
climate adaptation. The framework we described explicitly shows how 
the tools of climate change adaptation—vulnerability assessments, climate 
hindcasting and projections, ecological models, and adaption options—fit 
together to help inform decisions and build a foundation for scientists and 
managers to work together on climate adaptation.
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Although private lands are prevalent, federally managed public lands—
those managed by the US Forest Service, the National Park Service (NPS), 
the US Fish and Wildlife Service (USFWS), and the Bureau of Land Man-
agement (BLM)—are uniquely positioned to coordinate climate adapta-
tion across their lands and with other landowners and stewards. The federal 
government manages almost 30 percent of the land in the United States, 
nearly 650 million acres, including 401 units of the National Park System 
and 155 national forests and grasslands (GAO 2013). 

Presidential Executive Order 13514 (October 5, 2009) directed federal 
agencies to develop adaptation approaches, and E.O. 13635 (November 
2013) calls on federal agencies to work with states, tribes, and local gov-
ernments to improve preparedness for the impacts of a changing climate. 
Department of the Interior Secretarial Order 3289 (September 14, 2009) 
established department-level programs that include the BLM, USFWS, and 
NPS. These governmental agencies have developed agency-specific climate 
change strategies (Gonzalez 2011; Shafer 2014). The president has issued 
a Climate Action Plan (Executive Office of the President 2013) and a Pri-
ority Agenda for Enhancing the Climate Resilience of America’s Natural 
Resources (Council on Climate Preparedness and Resilience 2014). Cli-
mate adaptation directives are clear, yet managers working at the site level 
are challenged to implement these directives and few adaptation actions 
have been undertaken. This chapter describes the approach taken in the 
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Landscape Climate Change Vulnerability Project (LCCVP) toward helping 
managers understand the science and to frame and implement adaptation 
actions.

Challenges of Integrating the Science into the Management

There is a general consensus that science is critical to making successful 
resource management decisions (Williams et al. 2007; White, Garrott, and 
Olliff 2009), but incorporating the best available science in land manage-
ment decisions—whether through agency planning, National Environmen-
tal Policy Act decision documents, cross-jurisdictional strategies, or on-the- 
ground projects—can be difficult for federal land managers. In a survey 
of land managers in the northern Rockies, managers ranked the following 
five barriers to using research: (1) the lack of funding to implement re- 
search findings, (2) the lack in research documents of clear management 
implications, (3) poor communication between science and management 
agencies, (4) limited budget and travel, and (5) conflicts between scientific 
recommendations and high-level political priorities (Northern Rockies Fire 
Sciences Network 2011).

Along with the typical challenges of integrating science into manage-
ment, climate change has some unique challenges: 

• The concepts and language are new and not well understood. 
• The science is new, and different, from what managers are used to 

(chap. 13). 
• High uncertainty leads to management indecision. 
• There is little understanding of organizing frameworks to help manag-

ers make sense of the new science and new climate change tools.
• Climate change operates at such large scales that we have to build orga-

nizational bridges to work across boundaries (chaps. 14 and 15).
• Climate change is considered critical but not urgent. 
• Climate change involves social complexity with fragmented stake- 

holders. 

We discuss each of these challenges below.

Understanding Concepts

The amount of rigorous scientific inquiry into climate change is stagger-
ing—for example, a 2013 report found 11,944 manuscripts that were pub-
lished from 1991 to 2013 (Cooke et al. 2013). As the scientific field has 
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grown, it has developed its own concepts and terminology. However, most 
federal land managers did not become engaged in climate change prior to 
2007, when the Intergovernmental Panel on Climate Change’s 4th Assess-
ment Report was issued (IPCC 2007). The earliest agency strategies re-
garding climate change were not issued until 2009. Even in 2014, many 
land managers were not conversant with climate change concepts and lan-
guage. Those that are can still be classified as innovators or early adopters 
(Rogers 2003). 

Managers commonly do not understand basic terminology, such as 
general circulation model, downscaled climate model, vulnerability assessment, 
exposure, sensitivity, adaptive capacity, and adaptation options. In a survey of 
NPS Intermountain Region employees, 90 percent of respondents cor-
rectly identified definitions of key terms—such as the greenhouse effect 
and mitigation of and adaptation to climate change—but far fewer (38 to 
82 percent) correctly matched seven examples of actions with the terms 
mitigation and adaptation (Garfin et al. 2011). Current managers generally 
need to retrofit their skill sets to understand the concepts, language, and 
acronyms of climate change.

The Science of Climate Change Is New to Managers

The tools of climate change—scenario planning, vulnerability assessment, 
and development of adaptation options—are relatively new and not well 
known to land managers. While climate change science has been an active 
area of research for more than 40 years, the terminology is unfamiliar to 
many land managers whose responsibilities have only recently expanded to 
include climate change adaptation planning. As discussed earlier, the ter-
minology and the concepts are new. Just as important, the science itself is 
new. Many of today’s federal land managers worked early in their careers as 
biologists or technicians—that is, they spent their days in the field collect-
ing data. These empirical data were then analyzed and used in reports and 
management documents. 

Climate change science also uses empirical data but incorporates these 
data into vast models. General circulation models (GCMs), which provide 
the fundamental data sets for assessing climate change at global scales, are 
based on mathematical models that simulate earth’s atmosphere or ocean. 
These models are simulated at such course scales that statistical down- 
scaling methods are often used to more accurately project future changes 
in climate at a particular, management-relevant location (Thrasher et al. 
2013). And while both historic climate analyses and projected changes in 
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vegetation are based on empirical data points, climate data interpolated 
across the landscape using models to fill in the gaps between weather sta-
tions and vegetation changes are predicted using techniques such as climate 
niche modeling (Chang, Hansen, and Piekielek 2014). 

Most of these modeling techniques are not well understood by land 
managers. In fact, managers often misinterpret the results of these models 
or simply see them as “black boxes” whose inner workings are not under-
stood and thus not trusted. The current cadre of land managers did not 
learn this type of science and how to use these types of models during  
their formal educations and so are in the position of retrofitting their 
knowledge of climate change. Lemieux et al. (2013) found that the impacts 
and management implications associated with climate change are so novel 
and complex that most adaptations occurring to date have tended to be in-
cremental and ad hoc, and have largely ignored both the dynamic linkages 
within and between agencies and the multiscale effects (i.e., management 
actions that potentially increase impacts on others or reduce their capacity 
to adapt).

Difficulty in Decision Making

Managers have been reluctant to acknowledge uncertainty in environmen-
tal assessments and management strategies (Williams 2009). Some man-
agers believe that the uncertainty around climate change science makes it 
fundamentally different from other issues faced by land managers (Stein et 
al. 2014). Managers are often frustrated by the lack of unambiguous results 
from science (White, Garrott, and Olliff 2009) and respond differently to 
uncertainty. For instance, some managers proceed as though there is no 
uncertainty, while others focus on better understanding the uncertainty. 
However, most seem to put off taking action until the level of certainty 
improves. As one management partner stated: “Scientists embrace uncer-
tainty; managers use it as a reason for inaction.” In addition, most manage-
ment decisions have a three- to five-year time frame. A few planning efforts 
(e.g., forest planning by the Forest Service) consider time frames of up to 
thirty years. But climate change projections often focus on fifty- to one-
hundred-year time frames.

Working across Boundaries

The scale of climate change impacts will far exceed the ability of any one 
park, forest, agency, or organization to effectively respond as a single entity. 
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Climate change will not affect all areas equally, and in some areas it will ex-
acerbate existing stressors. Collaboration between scientists and managers 
from different organizations and agencies will greatly help guide the devel-
opment of appropriate expectations for climate change adaptation actions. 
These integrated discussions will also assist in emphasizing locally tailored 
solutions within the context of larger-scale regional strategies. Working at 
the landscape scale, across ecosystems, and across jurisdictional and politi-
cal boundaries is critical given the scope of climate change impacts (McKin-
ney, Scarlett, and Kemmis 2010). 

Currently, climate change adaptation efforts have not been well coordi-
nated across government agency boundaries or at large scales (GAO 2009, 
2011). To a great extent, managers themselves believe that their agencies 
are performing either “neutrally” or “poorly” on most factors influencing 
their organization’s ability to respond to climate change, including having 
a clear mandate to respond to climate change, having appropriate policies 
in place to help mitigate climate change, and directing line officers to make 
climate change response a high priority (Lemieux et al. 2013). 

New Science and New Tools

Although several frameworks have been developed and promoted for  
implementing climate change adaptation (Glick, Stein, and Edelson 2011; 
Cross et al. 2012; National Fish, Wildlife and Plants Climate Adapta- 
tion Partnership 2012; Stein et al. 2014; Schmitz et al. 2015), no syste- 
matic approach for managing resources under climate change has gained 
wide acceptance among public lands managers (GAO 2011; Hansen et  
al. 2013). Lemieux and Scott (2011) found that when senior agency deci-
sion makers evaluated the institutional feasibility of the fifty-six most desir-
able adaptation options identified by an expert science panel, they found 
only two to be implementable, due largely to fiscal and internal capacity 
limitations. 

Lemieux et al. (2013) compared the perceptions by federal and state 
land and natural resource managers of agency performance on adaptive ca-
pacity in two US regions (northern Colorado and southwestern South Da-
kota) and found that perceived importance was greater than performance 
on most adaptive capacity factors. To a great extent, managers surveyed 
perceived that their agencies were performing either neutrally or poorly 
on most factors influencing adaptive capacity; in other words, managers 
perceive that their respective agencies must take more action to improve 
their performance on climate change–related management issues. Most re-
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spondents to a managers’ survey in the northern Rockies had not identified 
adaptation options or management actions that will help priority resources 
cope with climate change (Hansen et al. 2013).

Adaptation Actions

As one manager told us: “Climate change is something we think about at 
5:30 pm when we are done for the day.” There is a tendency for resource 
managers to focus primarily on short-term, required activities, leaving less 
time for addressing longer-term issues such as climate change (GAO 2011). 
Public land managers have a full plate, and their workload is increasing 
while the workforce is shrinking. For example, in the last decade, the For-
est Service has, in many cases, combined two national forests when a forest 
supervisor retires (such as the Gallatin-Custer), rather than hiring a new 
supervisor. And among many land managers, there is still a feeling that cli-
mate change “is going to happen,” rather than an understanding it has hap-
pened and will continue to accelerate—thus, most managers are managing 
for “business as usual” (Hansen et al. 2013). 

Social Complexity and Fragmented Stakeholders

Public land managers make decisions based on fidelity to the law, best avail-
able science, and best public interest (National Park Service 2011)—yet the 
public interest is difficult to determine when climate change is the subject. 
One study found that only 42 percent of Americans are certain that global 
warming is happening and that it is human caused (the Alarmed and Con-
cerned); another 25 percent (the Cautious) believe that climate change is 
real but are not certain (many of these do not know the cause); and 32 
percent are either Disengaged (have given the issue little thought), Doubt- 
ful (uncertain), or Dismissive (certain that global warming is not happen-
ing) (Leiserowitz et al. 2012). Land managers themselves may not be- 
lieve that global warming is a real phenomenon or that it is human caused; 
in addition, managers must respond to Congress, the Executive Branch, 
and the public. It is perhaps not surprising that a manager recently re-
quested that a slide depicting the finding of the Intergovernmental Panel 
on Climate Change that “climate change is caused by humans” be removed 
from an introductory slide show aimed at introducing public land agency 
employees to climate change—or that another manager asked, “Why are 
we even talking about climate change; half of Congress does not even  
believe in it?” 



Integrating Climate Science into Federal Land Management 39

The LCCVP’s Collaborative Approach to Climate Adaptation

The LCCVP team is using the Climate-Smart Conservation framework 
(chap. 2) to develop and apply decision support tools that use National 
Aeronautics and Space Administration (NASA) data and other data and 
models to assess the vulnerability of ecosystems and species to climate and 
land use change and to evaluate management options. Objectives include 
the following: 

• Quantify trends in ecological processes and ecological system types 
from past to present and under projected future climate and land use 
scenarios using NASA data and other data and models across two land-
scape conservation cooperatives (LCCs).

• Assess the vulnerability of ecological processes and ecological system 
types to climate and land use change by quantifying exposure, sensi-
tivity, adaptive capacity, and uncertainty in and around focal national 
parks within LCCs.

• Evaluate management options for the more vulnerable ecosystem pro-
cesses and types within these focal parks.

• Design multiscale management approaches for vulnerable elements to 
illustrate adaptation strategies under climate and land use change.

• Facilitate technology transfer of data, methods, and models to LCCs 
and federal agencies to allow the decision support tools to be applied 
more broadly. 

To be most effective in developing tools and techniques that can be 
used in land management, the team developed the principles, practices, and 
products described below.

Developing Science Products

Managers make numerous daily decisions, from the mundane to the mo-
mentous. The most far reaching decisions—including land management 
plans that affect multiple threatened and endangered species, land designa-
tion, treatment options, visitor access, and preservation actions—embrace 
time frames decades into the future and can take years to develop. Increas-
ingly, these types of plans are mandated to have a sound scientific basis 
(Public Law No. 105-391) and even require evaluation of climate change 
impacts (USDA Forest Service 2012). It is imperative in a decision space 
that mandates science that managers understand the nuances of the sci-
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ence they are using as inputs into decision making. Managers can better 
understand scientific models and studies if they are integrated early in the 
scientific process.

As noted earlier in this chapter, communications between scientists 
and managers are not always easy (Northern Rockies Fire Sciences Net-
work 2011). Managers will make a decision with available information and 
little or no input from scientists or scientific studies. Scientists who want to 
make their information available to managers often must bear the burden 
of information transfer, with the caveat that good communication is (a) 
face-to-face (at least when developing relationships) and (b) repeated (one 
study found that information has to be repeated six times to become inte-
grated into a person’s thought process) (Edgelow 2005).

The LCCVP team found that managers need to be integrated into  
the science team from the beginning, including helping to shape proposals 
submitted for management-relevant science; attending regular workshops 
and team meetings to understand models, track analysis progress, and un-
derstand preliminary results; and coauthoring reports, briefs, and scientific 
manuscripts to add power to recommendations for management relevance. 
This collaborative approach to climate adaptation planning is depicted in 
figure 3-1. Not all managers, of course, have the time for or interest in this 
close interaction with scientists, but the innovators and early adopters com-
monly feel left out of the process without this type of engagement. These 
managers are often the most important for scientists to reach because they 
are the ones who will spread information to their colleagues. 

Managers and scientists can work together in an iterative fashion, 
each contributing from his or her unique strengths. Managers are experts 
at evaluating their decision support needs, including staff education, bud-
gets, policy, and available management options; scientists are experts at 
evaluating their analysis capabilities. Given this information, managers and 
scientists can jointly identify conservation targets, goals, and objectives. 
Scientists can then conduct analysis, including hindcasting and forecasting 
climate exposure and sensitivity of conservation targets, which managers 
can use in assessing the vulnerability of these resources and choosing ad-
aptation actions to implement. The approach for vulnerability assessment 
used in the LCCVP is discussed in chapter 2. 

As managers review and evaluate these analyses, they gain a deeper 
understanding of analysis techniques, including limits of the modeling 
and uncertainty in the analyzed outcome. In climate science, managers and 
scientists must work together to assess the vulnerability of conservation 
targets; managers, who often have years of experience including field ob-
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servations, may have the best information on a resource’s adaptive capacity. 
Scientists can develop decision support tools that help managers to iden-
tify and evaluate adaptation options and to prioritize management actions 
in response to current or projected climate change. Managers implement 
management actions, after which scientists can monitor to track the ef-
fectiveness of and ecological response to the management. Finally, in an 
adaptive management context, managers and scientists work together to 
understand how to adjust management actions as needed. The case stud-
ies contained in later chapters—managing whitebark pine in the Greater 
Yellowstone Area (chap. 15); analyzing limber pine in Rocky Mountain 

Figure 3-1   Depiction of the collaborative approach to climate adaptation plan-
ning in the Landscape Climate Change Vulnerability Project, noting the role of sci-
ence partners (left column), the role of stakeholder partners (right column), and the 
interactions with each through the four fundamental steps of planning and imple-
menting climate change adaptation. (From Glick, Stein, and Edelson 2011.)
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National Park (chap. 14); and prioritizing populations of Yellowstone  
cutthroat trout for restoration throughout the species range (chap. 12)— 
illustrate these science–management interactions.

In addition to developing strong relationships with individual manag-
ers, scientists can provide managers with the tools and knowledge to adapt 
to climate change by doing the following:

• encouraging, developing, and supporting training
• providing science that is understandable and useful at management-

decision scales
• supporting mechanisms to help managers work across boundaries and 

jurisdictions
• identifying early adopters and getting them involved even at the pro-

posal writing stage of a project
• helping managers discover and understand new science
• developing and promoting organizing frameworks that help managers 

understand and use climate change analyses and tools
• developing effective communications tools

Raising Awareness of Climate Science 

Different managers have varying interest in, and time for, learning the new 
concepts, terminology, science, acronyms, and tools useful in developing 
climate change adaptation strategies. The Ladder of Engagement, devel-
oped by EcoAdapt (Hansen and Hoffman 2011), is useful when working 
with a wide spectrum of managers to determine how engaged a person 
is with climate change. The ladder comprises six rungs: awareness, assess-
ment, planning, implementation, integration, and sharing. Many federal 
land managers are just beginning to become aware of global warming and 
its impacts on natural resources; moving up the rungs of the ladder, fewer 
and fewer managers are knowledgeable and committed. In fact, very few 
federal land managers are currently implementing climate change adapta-
tion projects (Halofsky, Peterson, and Marcinkowski 2015). 

Scientists can facilitate increased knowledge by (a) engaging in formal 
training courses, such as those conducted by the National Conservation 
Training Center on Climate-Smart Conservation and Vulnerability Assess-
ments; (b) developing or contributing to climate change workshops that 
engage managers in scenario planning, selecting conservation targets, and 
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identifying adaptation options; and (c) developing presentations on past 
and projected future climate exposure, resource sensitivity, projected im-
pacts to resources, and potential management actions that could help to 
mitigate projected impacts.

Developing a Communications Approach

Effective science communication only starts with a peer-reviewed article. 
Beyond publishing in the scientific literature, we work to write reports di-
rected toward land managers; articles in popular magazines and periodi-
cals; short, two- to four-page briefs highlighting the most important in- 
formation; and simple sound bites that are brief, easy to digest, and easy to 
remember (see table 2-2 in chap. 2). 

Edgelow (2005) emphasizes that effective communication is most  
often face-to-face. NPS managers who were surveyed confirmed this: they 
would prefer to learn about climate change through small groups, in- 
person lecture series, or classes of about ten to fifteen people, whereas if 
cost is an issue they would prefer to learn about climate change through 
user-friendly websites with clear graphics, links to background materials, 
and an ongoing discussion forum (Garfin et al. 2011). The LCCVP team 
held several meetings and workshops with land managers from Yellowstone 
and Grand Teton national parks, the US Forest Service and the Bureau of 
Land Management from the Greater Yellowstone area; and managers from 
Rocky Mountain National Park, Great Smoky Mountains National Park, 
Delaware Water Gap, and the Blue Ridge Parkway (table 3-1). The initial 
meetings were general in nature, introducing climate change framework, 
climate and ecological modeling, and the concepts of vulnerability assess-
ments. As the team developed more sophisticated products and results, sub-
sequent meetings, workshops, and conferences delved deeper into those re-
sults as well as management applications, feasibility, and limitations. These 
repeated face-to-face meetings resulted in shared learning among scientists 
and managers. Publications and other written material reinforced the infor-
mation shared at face-to-face venues.

Useful and Important Products

A framework for engaging scientists and stakeholders in decision sup- 
port around the four basic steps of climate change adaptation is depicted in 
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Table 3-1.   Workshops with collaborators and presentations to understand  
information needs and to deliver science products.  

   Needs We Can Address/ 
Organization Key Collaborators Date Information Delivered

Greater Yellowstone Virginia Kelly,  April Effectiveness of 
Coordinating  Karl Buermeyer,  2012 “GYCC WBP Strategy”  
Committee  Dan Reinhart,   under future climate 
Whitebark Pine Nancy Bokino,  
Subcommittee Kristin Legg  
Rocky Mountain  Ben Bobowski,  November Climate, land use,  
NP Judy Visty, Jeff  2012 ecosystem interactions 
 Connor, John Mack,   Limber pine 
 Larry Gamble, Jim   Collaborative management 
 Cheatham, Mary-Kay   among agencies 
 Watry, Nate Williamson  
Yellowstone NP Dave Hallac, Ann  November Whitebark pine 
 Rodman, P. J.  2012 Grassland phenology 
 White, Roy Renkin  January YNP climate change
  2013 program direction:
      monitoring, vulnerable  
      resources,
      management options
Great Smoky  Jim Renfro,  November Vegetation 
Mountains NP, Jeff Troutman, 2012 communities (6 across
Shenandoah NP, Tom Remaley,   elevation range)
Appalachian  Jim Schaberl,   PACE methods 
Highlands I&M Paul Super, Jeb   Land use legacy in parks 
 Wofford  
Delaware Water  Rich Evans,  November Hemlock vegetation 
Gap NRA Mathew Marshall,  2012 community 
 Leslie Moorlock  Land use/hydrology
Grand Teton NP Sue Consolo Murphy, May Snowpack 
 Kelly McClosky,  2013 Whitebark pine 
 Cathy Melander  
Yellowstone NP Dave Hallac, Ann  February Preliminary results:  
 Rodman, P. J. White,  2014 whitebark pine distribution 
 Roy Renkin  and GYA vegetation  
   distribution
National Congress  Ben Bobowski,  July Preliminary results:  
on Conservation  Virginia Kelly,  2014 whitebark pine distribution 
Biology, LCCVP  Doug Smith  and GYA and APLCC 
Symposiums 7    vegetation distribution;  
and 20   whitebark pine management  
   scenarios
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figure 3.1. The framework recognizes that regarding any particular issue, 
such as climate change, resource managers may make decisions on a broad 
array of agency activities. Most obvious among these are decisions on active 
and passive management, but also relevant are decisions on deployment  
of monitoring schemes, priorities for research, content of training pro- 
grams for staff, interpretative programs for visitors, budgets, and agency 
policies. The types of scientific products or the means for communicating 
these products may vary with decision types and should be designed ac- 
cordingly. Efforts to quantify the effectiveness of decision support pro- 
vide a feedback loop for redefining the client needs, science products, and 
communication vehicles to better enable effective decision making. When 
asked to rate the quality of climate change information provided by the  
NPS, over half of NPS staff (51.2 percent) reported that the information 
was of average quality and more than a quarter reported that the information 
was of below average (24.7 percent) or extremely poor (7.9 percent) quality 
(Garfin et al. 2011). 

Table 3-1.   (Continued)

   Needs We Can Address/ 
Organization Key Collaborators Date Information Delivered

Crossing Boundaries: Sue Consolo Murphy, October Preliminary results:  
Science, Management,  Dave Hallac,  2014 climate hindcasting and 
& Conservation in the Dan Reinhart,   forecasting; vegetation 
Greater Yellowstone,  Virginia Kelly,   distribution modeling in 
the 12th Biennial  Kristin Legg,   GYA; vegetation 
Science Conference Dan Reinhart  management scenarios
GYCC WBP  Virginia Kelly, Karl October Whitebark pine 
Subcommittee Buermeyer, Dan 2014 distribution based on 
 Reinhart, Nancy   climate envelope 
 Bokino, Kristin Legg,   modeling 
 Kelly McClosky   
Greater Yellowstone  29 federal land April Final results: climate 
Area Land Managers  managers and 2015 exposure and GYA 
Adaptation Workshop partners from NPS,    vegetation changes; 
 USFS, and BLM  feedback on adaptive  
   capacity, adaptation  
   options, and feasibility

Note: GYCC WBP = Greater Yellowstone Coordinating Committee whitebark pine; I&M = Na-
tional Park Service Inventory and Monitoring Program; LCCVP = Landscape Climate Change Vul-
nerability Program; NP = national park; NRA = national recreation area.
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Early feedback from surveys indicated that managers were primarily 
interested in the LCCVP team developing downscaled climate models, 
how-to guides, and user-friendly tools, and testing realistic approaches 
to developing climate change adaptation actions (chap. 2). In addition to 
peer-reviewed articles, the LCCVP team has produced key data sets and 
modeling tools, including (a) the CMIP5 NASA Earth Exchange Down-
scaled Climate Projections (Thrasher et al. 2013) that are already being 
used by NPS through the Inventory and Monitoring (I&M) and Climate 
Change Response programs; (b) Standard Operating Procedures for using 
data sets and modeling tools; (c) decision support tools hosted in coopera-
tion with the NPS I&M Program and the North Central Climate Science 
Center; and (d) climate primers for the Greater Yellowstone and Rocky 
Mountain National Park areas (chap. 2). Products from this project are also 
being used in agency policy documents, such as the National Park Service 
Intermountain Region Climate Change Strategy and Action Plan (Olliff et al. 
in review). 

Facilitate Interaction Among Land Managers

Land management in the United States has typically been fragmented by 
the fact that so many agencies and organizations—each exercising juris-
diction in different geographies or with different species, and each with 
unique laws, mandates, policies, and goals—manage natural resources that 
shift locations, such as mammals or birds. Bison that have migrated out of 
Yellowstone National Park, for example, might be on land managed by the 
Forest Service, fall under the management jurisdiction of the State of Mon-
tana Department of Livestock, carry a disease that is under the jurisdiction 
of the US Animal and Plant Health Inspection Service, and be subject to 
a hunt supervised by the State of Montana Department of Fish, Wildlife, 
and Parks—all the while being advocated for and against by various inter-
est groups, nongovernmental organizations, and individual citizens from 
across the nation.

In many areas, particularly in the northern Rockies, cross-boundary 
cooperation and coordination is already strong. Federal land managers in 
the Yellowstone area have cooperated under the Greater Yellowstone Co-
ordinating Committee for over forty years. Since 1990, federal, state, and 
university scientists and provincial managers have worked across boundar-
ies near Glacier National Park under the umbrella of the Crown Managers 
Partnership. State-led partnerships that include nongovernmental organi-
zations and federal partners operate in the Columbia Basin in Washington 
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(Washington Connected) and in Wyoming (Wyoming Landscape Conser-
vation Initiative). The High Divide Collaborative, led by area land trusts 
but involving federal and state managers as well as private landowners, 
works across boundaries from Yellowstone National Park to the Central 
Idaho Wilderness.

New partnerships have emerged in recent years to promote cross-
boundary cooperation in response to climate change and other landscape-
scale system stressors. LCCs and climate science centers, established in 
2009 by Department of the Interior Secretarial Order 3289, are intended 
to provide the latest science to land managers and conservation partners 
and to work with federal, state, tribal, and local governments, private land-
owners, and nongovernmental organizations to “develop landscape-level 
strategies for understanding and responding to climate change impacts” 
and to help managers sustain the continent’s natural and cultural resources.

Creating and Promoting the Framework

The Climate-Smart Conservation framework introduced in chapter 2 is an 
organizing framework to help managers and scientists understand where 
and how such tools as vulnerability assessments, adaptation options, selec-
tion of conservation targets, assessments of uncertainty, analysis of feasibil-
ity and risks, and effectiveness monitoring fit together. We worked with 
managers from Yellowstone and Grand Teton national parks to introduce 
this framework and complete portions of step 1 (identifying conservation 
targets) in a July 2012 workshop. The workshop organizers reviewed pre-
vious efforts in the Greater Yellowstone Ecosystem as a baseline for work-
shop participants to rank high-priority resources. These previous efforts 
ranged in scale from the park to the ecosystem to the landscape level and 
included the following: 

• Yellowstone National Park Vital Signs Report (Yellowstone Center for 
Resources 2011)

• Vital Signs Monitoring Plan for the Greater Yellowstone Network: Phase III 
Report (Jean et al. 2005)

• Greater Yellowstone Science Agenda for Climate Change, Land Use, 
and Invasive Species, based on a November 2009 workshop with more 
than one hundred managers and scientists (Olliff et al. 2010)

• Great Northern Landscape Conservation Cooperative Strategic Conserva-
tion Framework (Chambers et al. 2012)
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• NPS I&M High Elevation Climate Workshop May 2010 report (Bing-
ham et al. 2010)

Based on these documents, we identified fifty-six species, ecological 
processes, ecosystems, and ecological stressors to be considered and ranked 
in the process. Using wildlife as an example, many of the species that  
managers currently spend most money and time to monitor and manage 
(e.g., wolves, grizzly bears, elk) were also species that were less vulnerable 
to climate change impacts (compared to highly vulnerable species, such 
as bats or amphibians). Other chapters examine exposure, sensitivity, and 
vulnerability of other conservation targets identified by managers, including 
vegetation, fish, and a keystone tree species—whitebark pine.

Conclusion

Federally managed public lands offer an unparalleled opportunity world-
wide to act cohesively in response to rapid, human-induced climate change. 
Currently, that opportunity is not being realized because of several limiting 
factors: 

• Most of these concepts and most of this science are new—many federal 
land managers are not familiar with them.

• Most park managers simply don’t have time to track these tools and sci-
ence down, learn to use it, and incorporate it into management—this 
process must add value without adding (too much) work.

• The science we need is or will be made available—unit managers do 
not have to conduct most of it themselves.

• Given the scale of current and projected future stressors to our resources, 
the future of managing resources on federal lands will depend more on 
working with partners at the ecosystem and landscape scale—the scale 
of the impacts. 

The LCCVP team has developed a collaborative approach between 
scientists and managers to overcome many of these obstacles. Although 
this first iteration isn’t perfect, we will incorporate adaptive management 
guidelines to continue to monitor, review, and revise these principles and 
products in the ongoing challenge of developing effective, cross-boundary, 
multijurisdictional, large-scale solutions to the problems posed by climate 
change.
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PART 2

Climate and Land Use Change

The two major ways that humans influence wildland ecosystems are (1) by 
changing climate through greenhouse gases and (2) by changing habitats 
through conversion to different land cover types and through land uses that 
vary in intensity. In the context of vulnerability assessment, these factors 
are considered elements of exposure that elicit responses from ecological 
systems. Climate and land use each influence ecosystems in unique ways. 
They also interact, often in ways that make effective management even 
more challenging. 

This section of the book uses historic data and computer forecasts  
to summarize past and projected climate across the two study areas for  
the period 1900–2100. Climate can be represented in many ways. Chap- 
ters 4, 5, and 6 frame climate in terms that are most relevant to ecosystems 
and the species they support. In addition to annual averages of tempera- 
ture and precipitation, seasonal averages and variability are presented as are 
extreme warm or cold events. These data are summarized across landscape 
conservation cooperatives for broad context but, importantly, are also 
analyzed at finer scales within the ecosystems centered on national parks and 
on habitat types within those ecosystems. These finer scales are most rele- 
vant to management, with the goal of telling the stories of climate change 
that are compelling to the stewards of these lands. Summaries are produced 
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over the past century to show the estimated degree of climate change  
in recent decades. Similarly, projections for the future are offered to allow  
us to visualize the range of plausible future conditions in the coming 
decades. 

Although predicting the future might be called a fool’s errand, using 
the best scientific methods to project plausible future conditions is an es-
sential tool to motivate both managers and the public to anticipate the  
future, as well as providing credible information to express scenarios of 
possible future conditions. These projections differ for a variety of reasons, 
and this section of the book attempts to communicate the uncertainty of 
anticipated future conditions to facilitate management decisions that are 
robust in the face of this uncertainty. Although a two-hundred-year pe-
riod is very long by human scales, it is quite short in terms of ecological 
and evolutionary scales. Thus, chapters 4 and 5 summarize climate change  
and major vegetation response since the last glacial period around four- 
teen thousand years ago. A sobering conclusion is that the projected change 
by 2100—just eighty-five years from now—is equal to or greater than that 
which occurred over the past fourteen centuries.

Concern about land use intensification has been at the forefront of  
conservation biology for several decades. The authors of this book’s chap-
ters have done extensive primary analyses of land use patterns and change 
at local to national levels. Rather than emphasize the primary analyses, we 
largely cite previous work on land use change in this book. Chapter 6 inte-
grates land use classes and intensities into an index of human development. 
More specifically, the inverse of human development is used as an index of 
landscape integrity, with high values indicating lower exposure to intense 
land use. The chapter summarizes patterns of landscape integrity and cli-
mate change across the Great Northern Landscape Conservation Coop-
erative as elements of exposure in analyses of vulnerability of landforms 
to global change. In this regard, chapter 6 offers a coarse-filter approach 
to evaluating vulnerability, which nicely segues to chapters in part 3 that 
examine the specific ecological consequences of these changes.
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Most of the western United States is experiencing the effects of rapid and 
directional climate change (Garfin et al. 2013). These effects, along with 
forecasts of profound changes in the future, provide strong motivation 
for resource managers to learn about and prepare for future changes. Cli-
mate adaptation plans are based on an understanding of historic climate 
variation and their effects on ecosystems and on forecasts of future climate 
trends. Frameworks for climate adaptation thus universally identify the im-
portance of a summary of historical, current, and projected climates (Glick, 
Stein, and Edelson 2011; Cross et al. 2013; Stein et al. 2014). Trends in 
physical climate variables are usually the basis for evaluating the exposure 
component in vulnerability assessments. Thus, this chapter focuses on step 
2 of the Climate-Smart Conservation framework (chap. 2): vulnerability 
assessment. We present analyses of historical and current observations of 
temperature, precipitation, and other key climate measurements to provide 
context and a baseline for interpreting the ecological impacts of projected 
climate changes.

This chapter is limited to analyses of trends and patterns in a small sub-
set of key climate variables. Interested readers will find additional informa-
tion in the papers cited here and in the very informative analyses of Rocky 
Mountain climate patterns by Kittel et al. (2002), McWethy et al. (2010), 
and Rice, Tredennick, and Joyce (2012).

Chapter 4

Analyses of Historical and  
Projected Climates to Support  

Climate Adaptation in  
the Northern Rocky Mountains

John E. Gross, Michael Tercek, Kevin Guay,  
Marian Talbert, Tony Chang, Ann Rodman,  

David Thoma, Patrick Jantz,  
and Jeffrey T. Morisette

Andrew J. Hansen, William B. Monahan, S. Thomas Olliff and David M. Theobald,  
Climate Change in Wildlands: Pioneering Approaches to Science and Management,  
DOI 10.5822/ 978-1-61091-713-1_4, © 2016 Island  Press.
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Geography and Climate

The Rocky Mountain region of the Great Northern Landscape Conserva-
tion Cooperative (Great Northern LCC) is an area of great geographical and 
climatic variation (fig. 1-2 in chap. 1). The broader region encompassing 
Glacier, Yellowstone, and Rocky Mountain national parks spans latitudes 
from 40 to 49 degrees north, with elevations from 3,100 to more than 
14,000 feet (950 to 4,300 meters). In many places, the mountains form a 
significant barrier to moisture flowing from the Pacific Ocean, resulting in 
greater precipitation on the westward side of the mountain ranges (Davey, 
Redmond, and Simeral 2006, 2007). The high mountains in Rocky Moun-
tain National Park (Rocky Mountain NP) can also form a barrier to mois-
ture flowing from the east, which can collide with peaks of the Front Range 
of Colorado and result in rare but tremendous precipitation events that 
have resulted in loss of life and property (Western Water Assessment 2013). 
Kittel et al. (2002) evaluated climates across this vast area and divided the 
Great Northern LCC into three climatological regions, with Rocky Moun-
tain, Yellowstone, and Glacier national parks in the southern, central, and 
northern regions, respectively. These climatological regions share charac-
teristics common to most mountain regions, such as significant elevational 
gradients in precipitation and temperature, but the regions differ in their 
relationships to regional-scale climate drivers.

Geography and elevation strongly influence climate throughout the 
Great Northern LCC. In general, temperatures decline toward the north, 
but within the Great Northern LCC parks this geographical pattern is tem-
pered by the generally lower elevations in Glacier and Yellowstone national 
parks as compared to Rocky Mountain NP. Decreases in temperatures with 
increasing elevation (lapse rate) vary with aspect, relative humidity, and lo-
cal topography. Lapse rates are reported to be 2.4 to 3.6 degrees F (0.3 to 2 
degrees C) per 1,000 feet elevation across the Great Northern LCC region, 
with lapse rates generally increasing with latitude but with substantial local 
variation (Wolfe 1992; Kittel et al. 2002; Al-Chokhachy et al. 2013). As 
temperatures rapidly increase, these lapse rates are a partial determinant 
of the rate at which species may need to migrate up in elevation to remain 
within a climatically favorable zone. 

Broad-Scale Pattern, Fine-Scale Complexity

Broad-scale patterns in climate change direction and magnitude provide a 
context for interpreting the finer-scale variability that is important to man-
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agement. While warming or increased precipitation are consistent changes 
at regional scales and over long time frames, there can be considerable vari-
ation at finer spatial scales (Dobrowski 2011). 

Fine-scale variation in climate can be an extremely important deter-
minant of both historical and future species distribution patterns, but it is 
still poorly understood. For example, temperatures in western Montana 
generally track northern hemisphere temperature cycles such that warm 
northern hemisphere winters translate to warm winters in western Mon-
tana. However, some individual climate stations (i.e., local areas) may not 
track regional trends because local variation in climate results from nonlin-
ear controls exerted by global, regional, or local effects that vary in strength 
on decadal or even annual scales (Pederson et al. 2011a; Dobrowksi et al. 
2009). Regional trends linked to global change include hydrological effects, 
such as changes in glacier and permanent snowfield mass balance (Pederson 
et al. 2004), forest disease (Logan, MacFarland, and Wilcox 2010), and 
fire frequency (Westerling et al. 2011). However, some regional changes 
are not seen at local scales. Areas locally resistant to regional-scale climate 
changes can act as climate refugia, allowing the preservation of species and 
communities that might otherwise perish as the broader region becomes 
climatically unsuitable.

Interactions between complex topography and edaphic factors alter 
the effects of climate on biota, making some locations favorable and oth-
ers unfavorable under similar temperature and precipitation regimes (Ste-
phenson 1990). Evidence for climate refugia comes from records of fossil 
pollen that show species persisted on landscapes through periods of in- 
hospitable climates and were then able to recolonize when a favorable 
climate returned (Whitlock and Bartlein 1993; Gavin et al. 2014). Topo-
graphic complexity, particularly elevation and solar heat load, are important 
sources of local climatic variation that can result in climate refugia (McCune 
2007; Dobrowski 2011). Similarly, soil properties that can help mitigate 
climatic water deficits during drought and beetle epidemics were described 
for the southwestern United States (Breshears et al. 2009; Peterman et al. 
2012) and Sierra (Millar et al. 2012). In these studies, water deficit inter- 
actions with tree physiology were the primary determinants of mortality  
at the species and stands levels. These studies demonstrate that climate re-
fugia exist in discrete geographic locations and suggest that understand- 
ing the relationship between water and energy is critically important for 
understanding the spatiotemporal aspects of climate and land surface inter-
actions that affect ecosystem processes. 
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Paleoclimate Context

Analyses of paleoclimate records of the Great Northern LCC showed  
that a key driver of long-term climate change was the natural variability of 
the earth’s position relative to the sun. At the last glacial maximum, 26,500 
BP, the Cordilleran ice sheet covered most of the northern Rocky Moun-
tains. Subsequent warming from increasing summer insolation caused 
melting of these ice sheets and exposed much of the land surface we see 
today (Clark et al. 2009). At the last glacial period, 14,000 BP, the cli-
mate was initially colder and wetter than at present. The climate inferred 
for Rocky Mountain NP was 3.6 to 8 degrees F (2 to 5 degrees C) cooler 
and had 2.8 to 6.3 inches (7 to 16 centimeters) per year more precipitation 
than today (Reasoner and Jodry 2000; Fall 1997; Leonard 1989). This 
cold/wet climate associated with surface exposure due to glacial retreats 
allowed the establishment of tundra communities throughout the Rocky 
Mountains. About 11,000 BP, widespread establishment of subalpine for-
ests containing spruce (Picea), fir (Abies), and pine (Pinus) were apparent 
at Yellowstone, Glacier, and Rocky Mountain national parks (Whitlock 
and Bartlein 1993; Pierce 1979; Fall 1997). Associated with these colder 
temperatures, upper-treeline elevations for these forests were lower than 
present—in some cases, 780 to 2,300 feet (300 to 700 meters) below con-
temporary treelines (Fall 1997).

Conditions warmed from 9,500 to 4,000 BP, and glaciers reached their 
minimum extent (Millspaugh, Whitlock, and Bartlein 2000). By 4,000 BP, 
the region was characterized by temperatures 1.8 to 3.6 degrees F (1 to 2 
degrees C) warmer than present, with greater variability in moisture regime 
as some regions became drier and some wetter depending on the geogra-
phy and topography (Millspaugh, Whitlock, and Bartlein 2000). For in-
stance, within Yellowstone NP, there was a division of warm, dry summer 
conditions in the southern region and warm, wet summer conditions in the 
northern region (Whitlock and Bartlein 1993). The general warming trend 
resulted in an increase in the elevation of the upper treeline, and the spatial 
variation in precipitation changes contributed to vegetation community 
response patterns that persist today. In the drier situations, montane spe-
cies, such as Douglas-fir (Pseudotsuga menziesii) and lodgepole pine (Pinus 
contorta), invaded the lower limits of the subalpine (Whitlock and Bartlein 
1993; Brunelle et al. 2005). In the wetter situations, subalpine species ex-
tended their range and moved down in elevation (Fall 1997). This phase 
ended around 5,000–2,000 BP, when conditions within the Great North-
ern LCC cooled and moisture patterns shifted opposite to what they were 
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during the 9,500–4,000 BP period (i.e., dry shifted to wetter, and wet 
shifted to drier).

Within the past 2,000 years, two distinct climate anomalies oc- 
curred, the Medieval Warm Period and the Little Ice Age. The Medieval 
Warm Period (1,300–900 BP) resulted in warm episodes for many areas 
of the world, with responses of glacier recession, increased tree growth, 
and immigration of native peoples to formerly inhospitable lands (Solo-
man 2007; Whitlock 2002). Within the Great Northern LCC, glaciated 
areas stagnated or retreated, and treelines moved up in elevation, indicat-
ing regionwide increases in temperatures (Whitlock 2002). In the south- 
ern Rocky Mountains, regional climate during the Medieval Warm Pe- 
riod involved complex precipitation patterns. The growing season in-
creased with the warmer conditions, but some subregions experienced in- 
creased winter precipitation and summer monsoonal moisture, while other 
subregions experienced more frequent droughts (Petersen 1994; Dean 
1994). 

The Little Ice Age followed the Medieval Warm Period about 700–150 
BP, when glaciers expanded throughout the Great Northern LCC. Glaciers 
extended farther down valley, resulting in advances comparable to periods 
from the late Pleistocene leading to the prominent moraines visible today 
(Osborn and Luckman 1988). The most severe phase began about 1800–
1880, with climate approaching late Pleistocene conditions and resulting 
in summer cooling of 1 to 3.6 degrees F (0.6 to 2 degrees C) in alpine re- 
gions and extreme wet summers and winter snowpack (Gray, Graumlich, 
and Betancourt 2007; Pederson et al. 2006; Brunstein 1996). In Glacier 
NP, the Little Ice Age marked the coldest and wettest period in the past 
seven hundred years (Pederson et al. 2006). The severity of these extreme 
cold/wet conditions extended to the southern Great Northern LCC region 
but diminished steadily with decreasing latitude (Gray, Graumlich, and Be-
tancourt 2007; Whitlock 2002).

At the end of the Little Ice Age, temperatures increased and moisture 
decreased, leading to current climate conditions. Since the end of the Little 
Ice Age, the area of glaciers has diminished 30 to 70 percent and modern 
vegetation communities have become established, with treeline advancing 
back into today’s alpine environments (Hall and Fagre 2003; Hessl and 
Baker 1997). Paleoecological records show that the Great Northern LCC 
vegetation has responded to many previous climate regimes. Plant associa-
tions have been dismantled and reformed several times, and treeline has 
moved both up and down an elevational gradient over the past fourteen 
thousand years. Vegetation communities are clearly responsive to climate 
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changes; plant assemblages and distributions will likely continue to shift as 
a result of current and future climate trends. 

Contemporary Trends in Key Climate Variables

Our analyses considered both the jurisdictional boundaries of parks and 
the broader areas critical to preserving the biodiversity of the focal parks. 
We call these broader regions protected area centered ecosystems (PACEs; 
described in chap. 2) (Hansen et al. 2011). PACEs for Rocky Mountain, 
Yellowstone, and Glacier national parks include substantial areas at lower 
elevations than the parks themselves. These lower-elevation areas are  
generally warmer and drier than the parks, and the seasonality of precipita-
tion often differs with elevation (Davey et al. 2006, 2007). Climate differ-
ences are particularly large between the areas within Rocky Mountain NP 
and its PACE. Temperatures averaged across the entire PACE tend to be 3 
to 4 degrees F (1.7 to 2.2 degrees C) higher than those of the park. These 
differences reflect the large elevation gradients in the vicinity of Rocky 
Mountain NP, which are greater than those of Glacier and Yellowstone NP. 
Analyses for Yellowstone NP include the contiguous areas of Yellowstone 
and Grand Teton national parks and the John D. Rockefeller Jr. Memorial 
Parkway. 

We evaluated historical temperature trends from TopoWx, a 30-arc-
second (about 0.5 mile; [800 meter] resolution) daily gridded climate data 
set for the period of 1948–2012, aggregated to monthly intervals (Oyler 
et al. 2014). Algorithms for TopoWx correct systematic errors in high-el-
evation climate stations associated with changes in instrumentation (Oy-
ler et al. 2015). TopoWx does not include precipitation, and we estimated 
historical precipitation from PRISM 30 arc-second gridded data (Daly et 
al. 2008). Monthly projected climate variables were evaluated from the 
National Aeronautics and Space Administration (NASA) Earth Exchange 
Downscaled Climate Projections (NEX-DCP30) data for the United States 
(Thrasher et al. 2013). NEX-DCP30 climate projections are 30-arc-second 
gridded, bias corrected, and spatially downscaled (Thrasher et al. 2013). 
Ensembles include output from thirty-four global climate models and four 
representative concentration pathways (RCPs; Moss et al. 2010), consis-
tent with the approach recommended by Mote et al. (2011). We estimated 
future daily climate variables from three global climate models that per-
formed well for the northwestern United States (CanESM2, CCSM4, and 
CNRM-CM5; Rupp et al. 2013). 
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For analyses of projected climates, we focused on RCPs 4.5 and 8.5 
(Moss et al. 2010). RCP 4.5 is consistent with a rapid stabilization in 
greenhouse gas emissions (primarily carbon dioxide) to a level that achieves 
an anthropogenic climate forcing of 4.5 Watts per square meter in the year 
2100. Stabilization consistent with RCP 4.5 will require globally coordi-
nated reductions in greenhouse gas emissions that are much more aggres-
sive than current practices. RCP 8.5 is consistent with increases in green-
house gas emissions at a rate similar to the present. RCP 4.5 is estimated to 
result in global warming of approximately 2.5 degrees F (1.4 degrees C) by 
2050 and approximately 3.3 degrees F (1.8 degrees C) by approximately 
2100. RCP 8.5 is estimated to result in global warming of approximately 
3.6 degrees F (2.0 degrees C) by 2050 and about 6.7 degrees F (3.7 de-
grees C) by 2100 (IPCC 2013). Projected rates of warming are highly vari-
able at regional to local scales.

Temperature

All three parks and the surrounding regions have already experienced sig-
nificant increases in temperature (table 4-1; fig. 4-1; Hansen et al. 2014; 
Monahan and Fisichelli 2014). Average annual minimum temperatures 
have increased more rapidly than maximum temperatures, and statistically 
significant temperature trends over the historic period (1948–2012) can 
mostly be attributed to increases that have occurred since 1970. 

All projections for the future include sustained and very rapid increases 
in temperature until at least the middle of the century (figs. 4-2 and 4-3; 
table 4-1). If global emissions of greenhouse gases are curbed and stabilize 
(i.e., RCP 4.5), temperatures will eventually stabilize 3 to 5 degrees F (1.7 
to 2.8 degrees C) higher than the 2000 era (table 4-1). If the current rate of 
increase in greenhouse gas emissions is sustained (RCP 8.5), temperatures 
by the end of the century are projected to exceed anything experienced in 
the past ten thousand years (fig. 4-2; Marcott et al. 2013). Because of the 
long life of some greenhouse gases, we are now committed to experience 
temperatures well beyond those of the last century (Solomon et al. 2009).

Projected temperature increases based on ensemble global climate 
model results are roughly similar across all three parks (table 4-1). For RCP 
4.5, the ensemble average projected rate of increase is about 4.5 degrees F 
(2.5 degrees C) per century, with most of this increase occurring prior to 
2050. For RCP 8.5, the average rate of increase is about 9.5 degrees F (5.3 
degrees C) per century, with a slightly greater rate of increase in the second 
half of the century. 
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Figure 4-1  Trends in annual average maximum (Tmax) and minimum temperature  
(Tmin) for the Rocky Mountain National Park PACE. Lines are linear regressions  
for the periods 1948–2012 and 1980–2012. All trends are statistically significant. 
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Figure 4-2  Annual minimum and maximum temperatures for the areas within 
park and PACE boundaries and two representative concentration pathways (RCP 
8.5 shown with a dashed line and RCP 4.5 shown with a solid line) for 1950–2100. 
Data for the 1950–2006 period represents modeled “observations”; data for 2010–
2100 are ensemble annual averages. Key: GLAC = Glacier National Park, GYE = 
Greater Yellowstone Ecosystem, and ROMO = Rocky Mountain National Park. 
(Data from Thrasher et al. 2013.) 

Figure 4-3  Projected average annual temperatures for the Rocky Mountain Na-
tional Park PACE for a higher-emissions pathway (RCP 8.5) and a lower-emissions 
pathway (RCP 4.5) for an ensemble of global climate models. Shaded zones are  
± 1 standard deviation. Results for other parks and PACEs are similar. “Maurer” in 
the key represents historical data (Maurer et al. 2002). 
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Projected changes in seasonal temperatures were similar between parks. 
For all parks, summer maximum temperatures (Tmax) are projected to in-
crease most rapidly, with the smallest Tmax changes in winter. Differences 
in projected Tmax between summer and winter are large, and projected 
changes in Tmax are on the order of 2.7 to 3.8 degrees F (1.5 to 2 degrees 
C) greater in summer than winter by midcentury and 3.8 to 5.4 degrees F 
(2 to 3 degrees C) by 2100. By contrast, projected changes in minimum 
temperatures (Tmin) are greatest for winter in Glacier and Yellowstone na-
tional parks (an increase of 12.6 degrees F [7 degrees C] by 2100). For 
Rocky Mountain NP, spring Tmin are projected to change slightly less than 
other seasons.

Substantial increases in average temperatures are certainly concerning, 
but these mask much more impressive changes in ecologically relevant tem-
perature thresholds estimated from daily climate projections. Summaries 
of temperature thresholds summarized in table 4-2 relate to plant growth, 
precipitation as snow versus rain, snowmelt, and runoff. Days below –8 
degrees F (about –20 degrees C) is an index to temperatures low enough 
to cause significant winter mortality (and thus population control) of pine 
beetle (Bentz et al. 2010). 

Projections of daily climate variables portend huge changes. The num-
ber of days below freezing is projected to decline by about 20 percent (e.g., 
from 200 to 160 days per year) by midcentury, and by 30 to 50 percent 
by 2100 (table 4-2). The number of days with temperatures above 90 de-
grees F (>32 degrees C) is projected to increase dramatically, particularly at 
lower elevations, where it could increase from less than a week per year to 
more than seven weeks (table 4-2). Earlier snowmelt, reduced snow cover 
in spring, and higher summer temperatures will drive changes in runoff 
timing, stream flow, soil moisture, fire, and forest pests.

Precipitation

Ensemble average projections for 2010–2100 suggest small changes in pre-
cipitation across the Great Northern LCC (table 4-1), but uncertainty and 
annual variation are high. Projections for the Rocky Mountain NP PACE 
favor a small increase in precipitation (on average, less than 10 percent). Av-
eraged across models, annual precipitation for the Yellowstone NP PACE 
is projected to increase about 4.7 inches (120 millimeters) per year, or 16 
percent, under RCP 8.5 by 2100. The average projected change in precipi-
tation for the Glacier NP PACE is 2.7 inches (70 millimeters) per year, or 
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Table 4-2.  Climate metrics calculated from daily climate variables for 
park PACEs, by vegetation type and decadal periods for RCP 8.5. 

 Period    

  1950– 2000– 2050– 2090– 
Park/veg. Type Metric* 1959 2009 2059 2099

Glacier PACE          
Grassland above 90 4 7 21 50
  AGDD-32 4099 4601 5886 7408
  days < 32 208 192 150 111
  period > 28 107 127 154 195
  period > 32 72 91 123 161
  days < –8 8 7 5 2
Mixed conifer above 90 5 8 22 49
  AGDD-32 3899 4389 5643 7159
  below 32 216 199 157 117
  period > 28 99 118 148 191
  period > 32 69 85 115 157
  days < –8 6 5 3 2
Spruce-fir above 90 1 3 12 32
  AGDD-32 3356 3818 5002 6456
  below 32 234 216 175 135
  period > 28 86 104 133 172
  period > 32 56 72 102 142
  days < –8 9 8 5 3

Rocky Mountain PACE          
Alpine above 90 0 0 0 0
  AGDD-32 1864 2188 3052 4180
  below 32 289 271 234 197
  period > 28 67 85 116 144
  period > 32 38 54 87 121
  days < –8 13 11 4 2
Lodgepole pine above 90 0 0 2 14
  AGDD-32 3241 3648 4695 5968
  below 32 247 232 199 164
  period > 28 98 111 138 165
  period > 32 68 84 116 142
  days < –8 10 8 3 2
Ponderosa pine above 90 4 7 20 41
  AGDD-32 4629 5090 6285 7672
  below 32 210 197 164 132
  period > 28 125 135 161 184
  period > 32 101 113 139 165
  days < –8 6 5 2 1
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Table 4-2.  (Continued) 

 Period    

  1950– 2000– 2050– 2090– 
Park/veg. Type Metric* 1959 2009 2059 2099

Spruce-fir above 90 0 0 0 4
  AGDD-32 2510 2880 3837 5036
  below 32 270 253 217 182
  period > 28 82 98 127 153
  period > 32 52 67 100 132
  days < –8 11 10 4 2

Yellowstone PACE          
Montane sage above 90 1 4 15 34
  AGDD-32 3379 3854 4943 6317
  below 32 246 229 195 160
  period > 28 86 101 125 158
  period > 32 58 73 99 133
  days < –8 14 10 6 3
Alpine above 90 0 0 0 7
  AGDD-32 2081 2465 3376 4575
  below 32 280 263 230 195
  period > 28 62 77 101 131
  period > 32 40 53 79 108
  days < –8 19 15 8 5
Lodgepole pine above 90 0 1 8 27
  AGDD-32 2962 3422 4469 5800
  below 32 260 242 208 173
  period > 28 75 92 117 148
  period > 32 50 66 93 122
  days < –8 15 12 7 4
Spruce-fir above 90 0 0 2 15
  AGDD–32 2471 2899 3863 5122
  below 32 271 254 221 185
  period > 28 67 85 109 139
  period > 32 44 59 85 114
  days < –8 18 14 7 4

*Metrics are as follows: above 90 = number of days per year above 90 degrees F; AGDD-32 
= growing degree days with 32 degrees F growth threshold; days < 32 = number of days 
per year below 32 degrees F; period > 28 = consecutive days with Tmin above 28 degrees F; 
period > 32 = consecutive days with Tmin above 32 degrees F; days < –8 = days per year 
below –8 degrees F (–22 degrees C).
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7 percent for RCP 4.5, and 4.2 inches (110 millimeters) per year, or 11 
percent, for RCP 8.5 by 2100. Projected seasonal changes in precipitation 
are consistent across all three parks, with summer drying and wetter win-
ters. Analyses of the Greater Yellowstone system project increased aridity 
because the effects of projected temperature increases on evaporation more 
than compensate for increased precipitation (Chang and Hansen 2015).

While there is considerable uncertainty about future trends in precipi-
tation, higher temperatures in the recent past and future projections point 
very clearly toward an increasing portion of precipitation falling as rain 
rather than snow, particularly in the middle and lower elevations (Knowles, 
Dettinger, and Cayan 2006; Klos, Link, and Abatzoglou 2014). At broad 
scales in the western United States, projections are for a decrease of 34 to 
56 percent in winter wet days conducive to snowfall in the southern and 
northern US Rockies. By the mid-twenty-first century, projected changes 
in the extent of snow-favorable temperatures will likely reduce the length 
of the snow-dominated season from November to March (five months) to 
December to February (three months) (table 4-2; Klos, Link, and Abatzo-
glou 2014). 

Snow and Runoff

The mountain snowpack in the Rockies is hugely influential to both natu-
ral and human-dominated processes. Water stored in the snowpack is the 
predominant source of spring runoff and contributes about 75 percent of 
surface water (Service 2004). The timing and magnitude of runoff are criti-
cal to maintaining the integrity of riparian and riverine ecosystems (Poff 
2010). A deep snowpack restricts access to forage by large herbivores, in-
cluding elk and bison, and snow strongly influences large herbivore distri-
bution, health, and reproduction. On-snow activities are a primary source 
of revenue for gateway communities for the long winter months, and the 
opening of roads in the spring is highly consequential to park operations 
and to surrounding communities. Because of the great importance of snow 
and water, there are established monitoring networks with good measure-
ments of snow dynamics via SNOTEL sites, and excellent records of runoff 
from US Geological Survey and other stream gauging networks.

Throughout the Rockies, there are well-documented trends from the 
1950s to the present toward a declining snowpack, earlier peak runoff, 
and more rapid melting of the winter snowpack (Mote et al. 2005; Clow 
2010; Pederson et al. 2011a, 2011b). Pederson et al. (2011b) noted that 
the magnitude of the late-twentieth-century snowpack declines are almost 
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unprecedented, and they attributed the declines mostly to rapid springtime 
warming. The strong influence of temperature on snowmelt is important 
because it may signal a shift in the 1980s to a dominating control of snow-
pack dynamics by temperature rather than precipitation (Pederson et al. 
2011a, 2011b). 

Since 1980, snowmelt and spring flow timing has shifted on the order 
of two to three weeks earlier and snow water equivalent (at its peak and 
on April 1) has declined at a rate of 1.6 inches (4 centimeters) per decade 
(Clow 2010). Similarly, the number of snow-free days increased by an aver-
age of 14 days from 1969 to 2007 in the northern Rockies (Pederson et al. 
2011a). These trends are embedded in records with high variability across 
years and sites, but the consistent trends in peak snow water equivalent, 
timing of runoff, and measurements of snow-free days unambiguously 
confirm these changes. Snowmelt is strongly influenced by temperatures 
above 32 degrees F (0 degrees C), especially in the spring, and both the 
historical and projected trends are toward more above-freezing days (table 
4-2; Pederson et al. 2010). 

Projected increases in temperature will obviously result in reduced 
snow accumulation, increasingly earlier spring melt and runoff, and re-
duced snow cover (McKelvey et al. 2011; Diffenbaugh, Scherer, and Ash-
faq 2013; Klos, Link, and Abatzoglou 2014). For projected temperature 
increases of 3.6 to 7.2 degrees F (2 to 4 degrees C), runoff could occur four 
to five weeks earlier (Stewart, Cayan, and Dettinger 2004). The effects of 
reduced snowpacks and more rapid snowmelt on streamflow, groundwater 
recharge, plant available moisture, and fire risk will likely be exacerbated by 
increased evapotranspiration caused by higher temperatures in the spring, 
summer, and fall.

Climate Data to Support Management

The Great Northern LCC is experiencing rapid and directional climate 
changes that are already affecting natural resources, recreational use of 
parks, and park operations. Projected increases in summer temperatures 
and relatively small changes in precipitation will likely result in substan-
tial reductions in water available for plant growth (Cook, Ault, and Smer-
don 2015) and increased wildfire (Westerling et al. 2006, 2011). Other 
observed changes in resources and disturbances will surely be exacerbated 
by climate changes, including outbreaks of forest insect pests (Bentz et 
al. 2010), changes in hydrological patterns (Clow 2010; Pederson et al. 
2011a, 2011b), and changes in seasonality (Ault et al. 2011). Other chap-
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ters in this volume address climate-driven changes in plants, animals, and 
ecosystem processes.

Managers and scientists will continue needing a range of climate prod-
ucts that is nearly as large and diverse as the projected ecological impacts. 
Three major challenges to the use of climate data are (1) deciding on the 
most appropriate source of data, (2) identifying relevant variables and met-
rics, and (3) acquiring, analyzing, and reporting relevant information. 

There is a huge range of data available to characterize the historic and 
future climate of a national park or other management unit. The appro-
priate choice of data source(s) and evaluation process will depend on the 
climate variable(s) of most interest and on the key questions or issues. His-
torical observations may come from weather stations operated by federal, 
state, local, or private organizations. Site-based measurements are the basis 
for derived data sets, including the interpolated gridded climate data evalu-
ated in this chapter (i.e., PRISM, TopoWx). Most station or in situ data 
sources provide data on temperature and precipitation, but temperatures 
may be reported as daily minimum and maximum or as actual temperature 
at set intervals (typically 15 minutes to 1 hour). Gridded observations are 
typically summarized as minimum and maximum temperature at a daily 
or monthly time step. Precipitation may be rain only, snow, or both, and 
the interval between measurements varies. The most useful metric may be 
an average, median, or percentage departure from a reference period, or 
another statistical property.

Decisions on selection of data to assess future climates are further com-
plicated by the variety of global climate models, downscaling methods, time 
and spatial scales, and methods to summarize and report results. The num-
ber and complexity of decisions on climate data and analyses emphasizes 
the advantages of interdisciplinary climate-ecological science teams that can 
work through many of these choices to present relatively straightforward 
summaries of climate for a given area and management issue.

Results in this chapter made extensive use of two sets of tools devel-
oped specifically to facilitate the use of climate data for natural resource 
applications as well as custom analyses that required project-specific coding 
in various computer languages. The tools can be used by many, while the 
custom coding we used will be inaccessible to most managers and many 
science teams. The first tool, Climate Analyzer (www.climateanalyzer.org), 
was developed by Michael Tercek in collaboration with the National Park 
Service. Most recently, Michael Tercek and Ann Rodman collaborated with 
other Yellowstone NP staff to identify and develop a very broad range of 
management-relevant summaries of climate, streamflow, and snow data, at 
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scales from sites to areas, and from periods of days to decades. Data sources 
are primarily from stations (i.e., point locations), although many of the 
results are for an area and they are aggregates of multiple stations. Reports 
include statistical summaries in tables, graphs, and maps. Climate Analyzer 
currently provides data from historical observations.

In addition to Climate Analyzer, this chapter includes many results 
from the Graphics Catalog produced by the US Geological Survey’s North 
Central Climate Science Center. The Graphics Catalog focuses on making 
projections from climate models accessible. To do so, modeled (gridded) 
historical data sources are used, but the focus is on using the information 
technology resources of the US Geological Survey and other data provid-
ers, such as NASA, to access enormous volumes of climate data and the 
computational resources needed to process and graphically summarize 
results from downscaled global climate models. A key challenge in devel-
oping the Graphics Catalog was identifying a manageable (i.e., relatively 
small) set of metrics and the most informative formats for reporting. Use 
of the Graphics Catalog to support the Landscape Climate Change Vulner-
ability Project, climate workshops, resource condition reports, and vulner-
ability assessments contributed to the evolving set of outputs.

Managers will always be most interested in the impacts of climate 
changes on resources, rather than temperature changes or other physical 
manifestations of climate. But analyses of the basic driving variables will 
remain important because it will never be possible to identify, much less 
forecast, changes to all important resources. The foundational analyses in 
this chapter illustrate the profound changes that are virtually certain to oc-
cur if greenhouse gas emissions are not rapidly curbed. The tools described 
at the end of this chapter and the many sources cited in this chapter provide 
a rich picture of the many changes forecast for the Rocky Mountains and 
the Great Northern LCC. 

Conclusion

The composition and distribution of the Great Northern LCC’s ecosys-
tems are the result of broad-scale atmospheric circulation and geographical 
features. Glacial retreat and subsequent warming that occurred in the last 
14,000 years BP are largely responsible for the current composition and dis-
tribution of these ecosystems. The ecosystems have already experienced the 
impacts of rapid climate changes, and models consistently project that tem-
peratures will increase 4 to 10 degrees F (2.2 to 5.6 degrees C) in the next 
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eighty-five years—about the same increase as since the last glacial period, 
14,000 BP. The rate and magnitude of projected future climate changes, 
especially temperature increases, will have profound effects on vegetation, 
hydrology, and ecological processes, such as floods, fire, and pests. 
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Global temperatures have risen over the last few decades, and even the most 
conservative climate models project these trends to continue over the next 
eighty-five years (IPCC 2013). As climate changes, flora and fauna will be 
forced to adapt or migrate (Aitken et al. 2008). Many species have been 
able to adapt to past changes in climate, moving south during glacial peri-
ods and north during interglacial periods. However, anthropogenic climate 
change in most areas is occurring much faster than previous climatic shifts. 
Flora, in particular, may be unable to adapt or disperse quickly enough to 
track suitable climate conditions (Corlett and Wescott 2013). Understand-
ing historical and projected future trends in temperature, precipitation, and 
other climate variables is important for evaluating the current context and 
likely consequences of climate changes in national parks, and in developing 
effective strategies for climate adaptation.

Physical climate variables are used to measure the potential exposure 
of management targets to climate changes. The term climate change exposure 
refers to the character, magnitude and rate of change in climatic conditions 
that a species or system is likely to experience (Klausmeyer et al. 2011). 
As such, it is of fundamental interest when assessing climate vulnerability. 
Many parks and protected areas in the Appalachian Landscape Conserva-
tion Cooperative (Appalachian LCC) are already experiencing abnormally 
high temperatures, and the strong likelihood that climates will continue to 
warm may necessitate a shift in management focus away from preserving 
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historical conditions and toward managing for potential future conditions 
(Monahan and Fisichelli 2014).

Geography and Climate

The Appalachian LCC, our focal area for this assessment, includes much of 
the area from approximately 32 to 42 degrees of latitude north and 74 to 
87 degrees of latitude west. This area encompasses a large portion of the 
Appalachian Mountains from Georgia to just south of the Adirondacks in 
New York state (fig. 5-1). Within this larger geographic unit, our analyses 
focus on three protected areas and their associated protected area centered 
ecosystems (PACEs; Hansen et al. 2011): Delaware Water Gap (DEWA) 
National Recreation Area, Shenandoah National Park (NP), and Great 
Smoky Mountains NP. The PACE for a park is the area needed to sustain 
the existing biodiversity in the park, and it represents an area where land 
cover and land use changes would be expected to impact park resources 
(fig. 5-1; Hansen et al. 2011). The PACE thus defines a more ecologically 
relevant area of analysis than that provided by most park administrative 
boundaries. Climate trends within our focal PACEs are a broad sample of 
climates across the Appalachian LCC and within units that share similar 
management constraints and opportunities.

Temperature in the Appalachian LCC follows gradients where tem-
perature generally declines with latitude and elevation. Temperatures on 
the highest peaks can be more similar to conditions hundreds of kilometers 

Figure 5-1   Outline of the  
Appalachian Landscape  
Conservation Cooperative (LCC) 
with boundaries for the Delaware 
Water Gap (DEWA), Shenandoah 
(SHEN), and Great Smoky  
Mountains (GRSM) protected 
areas and their respective protected 
area centered ecosystems (PACEs).
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north than to those in the immediate surroundings. Much of the Appala-
chian LCC is marked by multidecadal temperature oscillations. Tempera-
tures were relatively high in the first part of the twentieth century but then 
displayed a marked cooling midcentury followed by increases in recent de-
cades (Pan et al. 2013). The duration and magnitude of these multidecadal 
trends vary across the eastern United States.

The southern portion of the Appalachian LCC is part of a larger  
area in the southern and central United States where temperatures have 
cooled over the last century, leading many to question whether observed 
trends are a result of internal climate variability related to sea surface tem-
peratures (Robinson, Reudy, and Hansen 2002), external forcing from 
greenhouse gas emissions (Kunkel et al. 2006), aerosols (Portmann, Solo-
mon, and Hegerl 2009; Leibensperger et al. 2012; Yu et al. 2014), land 
surface feedbacks (Pan et al. 2013), or some combination of the above. 
There is no consensus on the source of these temperature trends, a fact 
that limits our ability to assess how future trends might evolve. A question 
of particular interest for climate adaptation planning is whether tempera- 
ture in the Southeast will “catch up” with the rest of the United States  
over the next few decades or continue to be an area of moderate to no 
warming.

Precipitation in the Appalachian LCC decreases with distance from 
coasts but can be significantly higher in the mountains; some of the highest 
precipitation amounts in the country are found in Great Smoky Moun-
tains NP. Mean annual precipitation has changed relatively little in much of 
the eastern United States over the past one hundred years, although parts 
of the Northeast have experienced increases (NOAA 2015). Precipitation 
variability, or the frequency of high rainfall events in the Southeast, has in-
creased (Li et al. 2011). This is in line with general predictions of increased 
precipitation intensity for many regions of the world. In the Southeast, in-
creased precipitation variability has been attributed to the shifting position 
of the Bermuda High pressure system (Li et al. 2011). Both global gen-
eral circulation modeling (Li, Li, and Deng 2013) and regional dynamic 
climate modeling (Gao et al. 2012) results suggest that the frequency of 
extreme events may continue to increase over the next century.

Past climate assessments for various geographies in the eastern United 
States have used a variety of climate data sets. For historical climate analy-
sis, most have utilized gridded data sets created by interpolating meteo-
rological station observations. The Parameter-elevation Regressions on 
Independent Slopes Model (PRISM; Daly et al. 2008) data set (0.5- and 
2.5-mile [800-meter and 4-kilometer] resolution) is frequently used in the 
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United States, but others are available for larger regions (e.g., Worldclim 
and CRU). For assessing potential future climates, most groups have relied 
on relatively coarse projections on the order of tens or hundreds of miles, 
which dampen the considerable climate variability in the mountainous Na-
tional Park Service units of the East. Our objective here is to combine his-
torical PRISM data with high-resolution downscaled climate projections 
to conduct a climate exposure analysis for selected National Park Service 
units within the Appalachian LCC that are facing pressing climate-related 
management issues.

Contemporary Patterns and Future Trends  
in Key Climate Variables

We used PRISM data to estimate observed climate for the Appalachian 
LCC parks and PACEs from 1895 to 2010. PRISM data are generated 
using observations from climate stations across the conterminous United 
States, combined with data on elevation, aspect, and other topographical 
features that influence local climate (Daly et al. 2008). Our analyses used 
monthly PRISM gridded climate data at 0.5-mile resolution from 1895 to 
2010 for precipitation and mean daily minimum and maximum tempera-
tures. PRISM showed strong agreement with station data at Great Smoky 
Mountains NP at various elevations (fig. 5-2).

We projected temperature and precipitation using the NASA Earth Ex-
change Downscaled Climate Projections (NEX-DCP30) data set (Thrasher 
et al. 2013). NEX-DCP30 is a 30-arc-second (0.5-mile) downscaled prod-
uct based on model output from the Coupled Model Intercomparison 
Project Phase 5 (CMIP5). NEX-DCP30 data are available at monthly 
time steps for both historical analysis (1950–2005) and future projections 
(2006–2100). We used the NEX-DCP30 ensemble statistics, a product 
calculated from thirty-three individual CMIP5 general circulation models. 
Patterns in the historical NEX-DCP30 data were similar to those observed 
with PRISM, which provides some confidence in their ability to capture 
the major climate features and trends in the eastern United States. For the 
future, we used model projections that were driven by representative con-
centration pathways (RCPs) (Moss et al. 2010) 4.5 and 8.5 (chap. 4). The 
RCP 4.5 scenario assumes that greenhouse gas emissions, mostly carbon 
dioxide, rapidly decline and are stabilized by about 2050. RCP 8.5 assumes 
that we continue to increase greenhouse gas emissions at a rate similar 
to present. The low and high scenarios (RCP 4.5 and 8.5, respectively) 
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Figure 5-2   Monthly PRISM data and data from the Great Smoky Mountains 
National Park climate station located at the park headquarters for (a) minimum 
temperature, (b) maximum temperature, and (c) precipitation.
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result in an anthropogenic climate forcing of 4.5 or 8.5 Watts per square 
meter by the year 2100.

The PRISM and NEX-DCP30 data were temporally aggregated from 
monthly to annual products. Since both PRISM and NEX-DCP30 exhibit 
considerable year-to-year variability, we used a moving thirty-year aver-
age to reduce this variability and more clearly show patterns at the decade 
and century scales. In addition, to evaluate changes in climate variables at 
higher temporal resolution, we generated daily NEX-DCP30 data (i.e., bias 
corrected and spatially downscaled as in Thrasher et al. 2013) using a tool 
created by Thrasher (personal communication). Output from the Beijing 
Normal University Earth System Model in the CMIP5 archive was used 
because it performed favorably when compared with daily climate station 
data from Great Smoky Mountains NP. 

Temperature

Relative to global and continental averages (as well as the Great North-
ern LCC), temperatures in the Appalachian LCC remained relatively sta-
ble from 1895 to 2010. Over the observation period, monthly average 
minimum and maximum temperatures increased slightly at DEWA, did 

Table 5-1.  Trends in annual precipitation, mean monthly maximum 
temperatures, and mean monthly minimum temperatures for the three 
PACEs and parks. 

  Delaware Great Smoky  
 Domain Water Gap Mountains  Shenandoah 
 Type (DEWA) (GRSM)  (SHEN)

Precipitation (inches PACE 0.559*   0.225  0.289
per year per decade) Park 0.508* 0.229 0.438*
 
Maximum temperature PACE 0.044 –0.061 –0.023
(degrees F per decade) Park 0.042 –0.060 –0.034
 
Minimum temperature PACE 0.088* –0.065 0.017
(degrees F per decade) Park 0.116*  –0.075* 0.025

Note: Trends were calculated as changes per decade using PRISM data from 1895 to 2010. 
Significant linear trends (p < 0.5) are denoted with an asterisk (*).
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not change appreciably at Shenandoah NP, and decreased at Great Smoky 
Mountains NP (fig. 5-3; table 5-1). Trends during the historical interval 
were significant for warming in DEWA and for cooling in Great Smoky 
Mountains NP, but not for Shenandoah NP (table 5-1). This geographical 
pattern in the eastern United States has been widely reported, although 
the causes of the “southeastern warming hole” remain uncertain. One hy-
pothesis concerns large-scale circulations in the Atlantic and Pacific oceans 
(Robinson, Reudy, and Hansen 2002; Kunkel et al. 2006). Alternatively, 
Yu et al. (2014) found a strong correlation between shortwave cloud forc-
ing (facilitated by aerosols) and the decline in maximum temperature in 
the southeastern United States. Given that climate models may not capture 
the ultimate cause, it is unknown whether these factors will continue to 
dampen temperature increases in the Southeast relative to other regions 
during the twenty-first century.

Despite relatively constant temperatures from 1895 to 2010, all three 
parks showed a sharp decline in minimum temperature of roughly 2.5 to 
3 degrees F (1.4 to 1.7 degrees C) between 1950 and 1970, which gen-
erally mimics global cooling during the same period. While temperatures 
in DEWA rebounded within a decade, temperatures in Shenandoah and 

Figure 5-3   Ten-year moving averages of historical annual average annual mini-
mum temperature, maximum temperature, and precipitation derived from PRISM 
data for Great Smoky Mountains (GRSM; light gray) and Shenandoah (SHEN; 
gray) national parks and the Delaware Water Gap National Recreation Area 
(DEWA; black) and their protected area centered ecosystems.
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Great Smoky Mountains national parks took nearly fifty years to reach pre-
1950 levels (fig. 5-3). Maximum temperatures showed less variability than 
minimum temperatures, but unlike minimum temperatures, maximum 
temperatures did not reach 1950 levels by 2010.

Temperatures in Shenandoah and Great Smoky Mountains national 
parks were relatively similar, while the temperatures in DEWA were about 
2.5 degrees F lower. When comparing the parks and PACEs, the PACE was 
about 1.5 degrees F (0.8 degree C) warmer than the park for Shenandoah 
and Great Smoky Mountains, yet it was 1 degree F (0.6 degree C) cooler 
for DEWA. PACEs for mountain parks, such as Shenandoah and Great 
Smoky Mountains, are warmer because they add low-elevation areas out-
side the park boundary. DEWA is a low-elevation, river-based park, and the 
PACE areas outside the park boundary are mostly at higher elevation and 
thus cooler.

Future projections from RCP 4.5 and 8.5 display similar accelera- 
tions in warming until about 2040 (0.7 to 0.8 degrees F [0.4 degrees C] 
per decade averaged across the PACEs; fig. 5-4 and table 5-2). This is more 

Figure 5-4   Historical and projected annual mean monthly minimum tempera-
tures, mean monthly maximum temperatures, and precipitation from the NEX-
DCP30 data set for Great Smoky Mountains (GRSM; light gray) and Shenandoah 
(SHEN; gray) national parks and the Delaware Water Gap National Recreation 
Area (DEWA; black) and their protected area centered ecosystems. Interannual 
variability is smoothed using a ten-year moving average. Projections are shown for 
the RCP 4.5 (solid line) and RCP 8.5 (dashed line) scenarios.
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than twice the warming rate seen during the previous fifty years, and it 
highlights that climate models do not project a continuation of the warm-
ing hole. After 2040, temperatures increased in RCP 8.5 considerably more 
than in RCP 4.5 (1.2 versus 0.3 degrees F per decade [0.7 versus 0.2 de-
grees C per decade]), reaching total increases of 4.4 degrees F (2.4 degrees 
C) in RCP 4.5 and 9.5 degrees F (5.3 degrees C) in RCP 8.5 by 2100, 
compared to 2006 across the three PACEs.

The number of days with temperatures below freezing (32 degrees F 
[0 degrees C]—i.e., frost days) per year is an important metric with re-
spect to a species’ exposure to climate change. For example, the number 
of frost days is related to length of the growing season, plant phenological 
processes, and life cycles of insects like the hemlock woolly adelgid (Adel-
ges tsugae). There has been a small decline in the number of frost days per 
year in all three parks since 1950 (fig. 5-5). Over the next eighty-five years, 
annual frost days are projected to decrease by 25 to 75 days depending 
on RCP and PACE. DEWA has the most frost days per year (150) and is 
projected to decrease by the most (38 and 75 days for RCP 4.5 and 8.5, 
respectively). 

Table 5-2.  NEX-DCP30 trends for annual precipitation, mean monthly  
maximum temperatures, and mean monthly minimum temperatures averaged 
across the PACEs. 

 Historic RCP 4.5 RCP 8.5

 1956–2005 2006–2049 2050–2099 2006–2049 2050–2099

Precipitation (inches  
per year per decade) 0.341 0.213 0.040 0.529 0.560

Maximum temperature  
(degrees F per  
decade) 0.339 0.715 0.239 0.834 1.142

Minimum temperature  
(degrees F per  
decade)  0.324 0.692 0.239 0.829 1.172

Note: Trends are presented as changes per decade for historical (1956–2005) and two future time 
periods (2006–2049 and 2050–2099) using RCP 4.5 and 8.5 model ensembles.
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Precipitation

Precipitation in the Appalachian LCC has been quite variable over the last 
century. Yearly totals between 1895 and 2010 ranged from 38 to 52 inches 
(97 to 132 centimeters) per year in DEWA, 59 to 72 inches (150 to 183 

Figure 5-5   Projections of days below freezing (32 degrees F) for (a) Delaware 
Water Gap National Recreation Area, (b) Shenandoah National Park, and (c) Great 
Smoky Mountains National Park. Daily, downscaled NEX-DCP30 (BNU-ESM) 
data were used for both the historical and the future predictions (Thrasher et al. 
2013). RCP 4.5 and RCP 8.5 scenarios are represented by dark and light gray lines, 
respectively. A five-year moving average was used to smooth year-to-year variability.
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centimeters) per year in Shenandoah NP, and 45 to 54 inches (114 to 137 
centimeters) per year in Great Smoky Mountains NP (fig. 5-3). Precipita-
tion increased slightly during the twentieth century for all three PACEs, 
although the increase was significant only for DEWA and the Shenandoah 
PACE (table 5-1), which generally confirms wetter conditions for the re-
gion (NOAA 2015). For DEWA and Great Smoky Mountains NP, this in-
crease came largely as a step change around 1970. There was also a decrease 
in precipitation that coincided with regional cooling around 1960 for both 
DEWA and Great Smoky Mountains NP, although this was not seen at 
Shenandoah NP. Modeled historical precipitation using NEX-DCP30 
aligned with the PRISM data for all three parks, showing small increases 
during the latter half of the twentieth century (fig. 5-4; table 5-2).

Precipitation is generally projected to continue to increase in a simi-
lar manner to how it did during the second half of the twentieth century 
(fig. 5-4; table 5-2). Interannual variability is also projected to increase, 
which several studies have linked with more intense droughts and floods 
(Easterling et al. 2000). Models forced with RCP 4.5 and 8.5 both project 
increases in future precipitation, with total increases of 1.2 inches (3.0 cen-
timeters) per year in RCP 4.5 and 5.2 inches (13.2 centimeters) per year in 
the more extreme RCP 8.5 scenario by 2100. For ecosystem functions, an 
important question is whether these increases will be enough to compen-
sate for longer, hotter summers with increased evaporative demand.

Climate Data to Support Management

A primary goal of national park management has been to maintain or re-
store ecosystems to historical conditions. Aspects of the climate in many 
parks have already exceeded the historical ranges of variability (Monahan 
and Fisichelli 2014). Climate models indicate that with current rates of in-
crease in greenhouse gas emissions, climates in the future will move to a 
state that is completely outside that experienced in the past (Mora et al. 
2013). Because of this, prospective management strategies are likely to be 
the most effective use of limited time and resources given expected direc-
tional changes in climate (Stein et al. 2014). Fundamental management 
questions related to climate change include the following: How much 
will the climate change? How do the magnitude and rate of projected cli-
mate change compare to historical climate variability? What are the major 
uncertainties?

Ensemble average projections derived from NEX-DCP30 indicate  
large increases in temperature and modest increases in precipitation over 
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the next century in eastern US parks and PACEs (fig. 5-4). This is similar  
to previous work that projects increasing temperature trends across the 
eastern United States (Kunkel et al. 2006; Kumar et al. 2013). Tempera-
ture trends are projected to be most rapid in DEWA but are still within the  
projected range of variation of the other units. Although rapid, the pro-
jected rates of temperature change are on the order of estimates for past 
rapid climate change of 3.5 to 7 degrees F (1.9 to 3.9 degrees C) per cen-
tury in the eastern United States associated with the Medieval Warm Pe- 
riod (Cronin et al. 2003; Willis and MacDonald 2011). However, absolute 
temperatures are projected to be substantially higher than any experienced 
since the last glacial maximum (Cronin et al. 2003), and likely higher than 
any interglacial period during the Pleistocene. While the NEX-DCP30 
ensemble average projections display low interdecadal variability, this is a 
function of model averaging; future trends may therefore be marked by 
periods of stable temperatures or cooling that alternate with periods of 
warming that exceed mean trends, as has been seen in the past (Cronin et 
al. 2003).

The frost-free period has increased by twenty days in the northeastern 
United States since 1920 (McCabe, Betancourt, and Feng 2015), and our 
results using NEX-DCP30 projections show a large decreasing trend in the 
number of frost days throughout the next century. If frost days decline as 
projected, there could be large impacts on social and ecological systems. 
The length of the frost-free period controls spring vegetation green-up and 
senescence in the fall, with far-reaching effects from changes in vegetation 
productivity to changes in animal life cycles. For example, decreases in frost 
days can exacerbate the impact of forest pests if it increases the number of 
generations they can complete in an annual cycle.

Increased precipitation variability and more extreme storm events (Gao 
et al. 2012) suggest that flood risk could rise in all three parks considered 
here. More extreme storms and flooding can undercut roads, increase ero-
sion, change aquatic habitats, and cause widespread tree mortality. DEWA 
experienced “100-year” floods in 2004, 2005, and 2006. These floods 
caused major infrastructure damage and toppled trees and branches onto 
trails, creating hazards to visitors (Richard Evans, personal communica-
tion). Moving infrastructure away from flood zones or taking steps to pro-
tect infrastructure from floods is a proactive approach that may minimize 
damage and costs from future storms.

Drought events are also projected to increase in frequency, which has 
important management implications. For example, the evaporative power 
of a warmer atmosphere coupled with periodic drought could increase 
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plant water stress, impacting forests across the eastern United States, as 
has been seen in the West (Anderegg, Kane, and Anderegg 2012; Williams 
et al. 2013). In addition, drier fuels could promote more intense fires, as 
has also been observed in western parks (Easterling et al. 2000), leading to 
rapidly increasing and shifting demands on National Park Service manage-
ment. Baseflow in streams may also be affected, reducing the quality and 
amount of aquatic habitat.

Because of the lack of analogs for the magnitude of projected warm-
ing and the increasing availability of higher-resolution climate projec- 
tions, climate models are being used more and more frequently to inform 
management decisions. However, climate models have known limita- 
tions. Hawkins and Sutton (2009) identify three primary sources of un-
certainty. Uncertainty related to internal climate variability includes natu-
ral fluctuations in the climate system that occur in the absence of external 
forcing. Model uncertainty arises from differences in how models repre-
sent the effects of greenhouse gas forcing on physical processes. Scenario 
uncertainty represents the inherent difficulty in projecting greenhouse gas 
forcing based on economic, demographic and policy processes. A holistic 
understanding of these uncertainty sources can help guide climate impact 
studies. Generally, climate model results will be most useful for lead times 
of several decades (roughly thirty to fifty years). Uncertainty for shorter 
lead times (i.e., ten to twenty years) tends to be dominated by internal 
variability, which can manifest as global pauses or accelerations in a given 
climate variable or as geographically localized trends that run counter to 
the global mean. Uncertainty for longer lead times (roughly eighty to one 
hundred years) tends to be dominated by scenario variability. In addition, 
climate models have better skill in representing some variables than others. 
Temperature projections tend to be more reliable than precipitation, and 
projections of mean values tend to be more reliable than projections of 
variability. 

Recently, Thrasher et al. (2013) improved the management relevance 
of general circulation models that were part of the CMIP5 by down- 
scaling the data to 30-arc-second (roughly 0.5-mile) resolution. Although 
an improvement over past models, 0.5-mile data still miss significant topo- 
climatic variability (Fridley 2009). Even fine-scale climate projections at 
0.5 mile may therefore fail to identify or underestimate the extent of refu-
gia that can provide suitable climatic conditions that allow plants and ani- 
mals to persist in warming conditions. Such refugia may help explain why 
past warming events were not accompanied by large-scale extirpations 
(Willis and MacDonald 2011) and may be particularly important when 
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formulating management plans over the next few decades. Despite short-
comings, these models provide our best picture yet of how climate might 
evolve over the next few decades, although natural variability and unavoid-
able uncertainty mean that forecasts will surely vary in some regards from 
the actual climate (Deser et al. 2012). In light of this, management strate-
gies must maintain flexibility and adaptability to be able to respond to such 
changes. 

Conclusion

Future temperature and precipitation conditions in the Appalachian LCC 
and the parks within it are predicted to depart substantially from past cli- 
mate, which will create new conditions to which flora and fauna will be 
exposed. They will need either to adapt or to migrate to areas with more 
suitable environments. Management will be challenged with protecting 
flora and fauna in relatively small parks and protected areas that may no 
longer harbor conditions under which many of the current species and  
vegetation associations have evolved and adapted to in recent times (cen-
turies to millennia). To protect priority resources or maintain desired eco-
logical functions, new management strategies may need to be considered, 
including assisted migration or establishing broad-scale connectivity by 
establishing protected area networks with federal, state, and local partners. 
Regular updates of climate forecasts and cross-checking with data from 
weather and ecological monitoring programs can help managers determine 
potential early onset of important ecosystem changes associated with cli-
mate change.
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In this chapter, we examine how climate change will likely affect areas of 
the Great Northern Landscape Conservation Cooperative (Great North-
ern LCC), but rather than using a fine-filter approach that focuses on a 
particular species, as has been done in many of the other chapters (e.g., 
chaps. 9, 10, and 12), we have applied a coarse-filter approach with which 
we consider our conservation targets to be broader levels of biodiversity. A 
coarse-filter approach focuses not on an individual species but, rather, on 
the community that supports a species (Noss 1987) or even on the physi-
cal environments as “arenas” of biological activity (Hunter, Jacobson, and 
Webb 1988). More recently, coarse-filter conservation has been interpreted 
in a climate change context, in which coarse-filter strategies seek to con-
serve sites that are minimally affected by climate change (Tingley, Darling, 
and Wilcove 2014).

Identifying conservation targets associated with various levels of eco-
logical organization is also consistent with the Great Northern LCC land-
scape integrity vision (Chambers et al. 2013; Finn et al. 2015), which em-
ploys a hierarchical organization of targets that builds on the fine-filter/
coarse-filter approach (Hunter, Jacobson, and Webb 1988). The coarse-
filter systems in the Great Northern LCC are called ecosystems and habitats 
and include six aquatic targets (riparian corridors, riverine, wetlands, alpine 
lakes, uplands, and pothole lakes) and five terrestrial types (alpine, subal-
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pine, woodland, dry forests, and sage shrub/grasslands). Roughly sixteen 
species are identified as fine-filter conservation targets; these include, for 
example, cutthroat trout (Oncorhynchus clarkii), whitebark pine (Pinus albi-
caulis), and grizzly bear (Ursus arctos horribilis).

While management on federal lands has traditionally focused on indi-
vidual species, agencies are challenged to conduct vulnerability assessments 
for all fine-filter targets, either because they lack the necessary time or re-
sources or because the detailed data required are not available. Related to 
this, we recognize that agency planning has been slow to embrace coarse-
filter landscape units, such as “landscape facets” (Beier and Brost 2010). 
However, managers increasingly are encouraged to “scale up” and manage 
within a landscape context (e.g., National Park Service 2011; Clement et 
al. 2014). There are important opportunities to inform resource manage-
ment plans with coarse-filter targets that provide a better, seamless coverage 
for ecologically defined planning areas that we want to scale up to (e.g., 
National Park Service natural resource condition assessments, US Fish and 
Wildlife Service landscape conservation designs, US Forest Service water-
shed vulnerability assessments, Bureau of Land Management land manage-
ment plans). Our intent is not to argue that coarse-filter landscape units 
are surrogates for biodiversity per se; rather, we advance them as a way to 
understand general ecological settings that are relevant to management of 
species and ecological processes. 

More specifically, in this chapter we focus on the vulnerability of species 
that may be generally influenced by future climate change in the context of 
current land use and existing landforms and soils. We distinguish two ways 
that such characteristics can be interpreted as relevant to biodiversity, and 
we discuss their application to a few example species to illustrate our work. 
First, an individual landform type might itself be the conservation target 
under consideration, because there is a close association between the fine-
filter conservation target and a landform type. One such example might 
be the “riparian corridors” identified in the Great Northern LCC strate-
gic vision (Chambers et al. 2013; Finn et al. 2015), which is represented 
and mapped by the valley bottom landform type. Another example could 
be whitebark pine, which associates with upper slope and ridge landform 
types (Tomback, Arno, and Keane 2001). Second, the diversity of land-
forms and soil types (together called “physiography” or “land facets”) can 
be considered to be the conservation target, such as identifying areas of 
high geodiversity that often are associated with high levels of biodiversity. 
In addition, certain generalist species, such as grizzly bear, can utilize a wide 
variety of habitats that are shaped by different physiographic features (Noss 
et al. 1996).
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We assessed vulnerability as part of the Climate-Smart Conservation 
framework for these two types of coarse-filter conservation targets: feature 
based (e.g., riparian corridors associated with valley bottoms) and diver-
sity based (e.g., grizzly bears associated with high physiographic diversity). 
To do this we quantified three exposure or potential impact variables—tem-
perature change, climate change velocity, and biome velocity—and three 
adaptive capacity variables—the degree of human modification, landscape 
permeability, and physiographic diversity. Strictly speaking, potential im-
pact is a function of exposure and sensitivity, but we did not explicitly es-
timate sensitivity for our feature- and diversity-based conservation targets. 
We calculated vulnerability as a function of potential impact and adaptive 
capacity: high vulnerability consists of high impact and low adaptive ca-
pacity, whereas low vulnerability consists of low impact and high adaptive 
capacity. 

We believe this coarse-filter approach provides a practical way to assess 
vulnerability based on important ecological settings, which complements 
resource managers’ knowledge and facilitates field-level decision making. 
In addition, managers recognize that we do not have the capacity, re-
sources, or—in many instances—scientific knowledge required to formally 
assess the vulnerability of all valued fine-filter targets at landscape scales, so 
coarse-filter vulnerability assessments provide a crucial and practical first 
step toward identifying and “scaling up” management options. As such, 
this chapter addresses step 2 of the Climate-Smart Conservation frame-
work: vulnerability assessment (chap. 2; Stein et al. 2014). 

Methods

To examine how changes in climate will likely affect the vulnerability of our 
coarse-filter conservation targets, and how current patterns of land use may 
modify the capacity to adapt to those changes, we briefly review a classifica-
tion of landforms and a calculation of physiographic diversity and describe 
three exposure and three adaptive capacity variables, on which we base our 
working estimates of landscape vulnerability to future climate change. We 
provide a summary of these variables both for the entire region and for 
more localized and stakeholder-relevant management geographies that we 
call eco-management zones. These zones include the following: 

Columbia Plateau in Washington 
Blue Mountains in Oregon
Crown of the Continent
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Canadian Rocky Mountains
Greater Yellowstone Ecosystem
Idaho-Montana High Divide
Intermountain West Joint Venture Wetland Landscape
North Cascades and Pacific ranges
Okanagan Valley
Wyoming Landscape Conservation Initiative

Because these eco-management zones were defined by land managers 
and stakeholders as important geographies, some of which spanned the 
international boundary into Canada, we elected to calculate vulnerability 
across the full United States and Canada portions of the Great Northern 
LCC. We also included protected area centered ecosystem boundaries 
around national park units (Hansen et al. 2011).

We generated three physiographic maps: (1) detailed landform classes, 
(2) physiography that combines landform classes with lithology (i.e.,  
basic edaphic properties about geologic parent material), and (3) multi- 
scale physiographic diversity. We used a classification of landforms devel-
oped specifically for climate adaptation applications, derived from hill- 
slope position and dominant physical processes (see details in Theobald 
et al. 2015). Briefly, we used a multiscale topographic position index 
that provides a measure of relative topographic relief (Guisan, Weiss, and 
Weiss 1999; Dickson and Beier 2002) to delineate four hillslope posi-
tions: ridges/peaks (summits), upper slopes (shoulders), lower slopes (foot 
slopes), and valley bottoms (toe slopes). We then further differentiated each 
of these hillslopes as a function of solar orientation to reflect how ecological 
processes are influenced by solar insolation or shading. This was measured 
using incident radiation and heat load (McCune and Keon 2002) that com-
bines slope, aspect, and latitude to predict the effects of potential direct 
insolation. We also identified features at the extremes of hillslope gradients, 
including very steep areas (i.e., “cliffs” > 50 degrees) and flat areas (i.e., 
areas < 2 degrees). 

Exposure and Impact Variables

We calculated three exposure variables that are treated as potential impact 
in the coarse-filter assessment of vulnerability: temperature change (Et), cli-
mate velocity (Ev), and climate velocity for habitat types (Eh; i.e., Rehfeldt’s 
biomes). To estimate temperature change from the present to roughly 
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2070, we used current and future gridded estimates of annual mean tem-
perature from WorldClim (Hijmans et al. 2005). Data were obtained at 
30-arc-second spatial resolution and reprojected using an equal-area pro-
jection to 800 meters. Estimates of future temperature were based on the 
ensemble average of seventeen individual climate models available through 
the Coupled Model Intercomparison Project Phase 5, downscaled and cali-
brated (bias corrected) using WorldClim as the current (1950–2000) base-
line. We considered a 2061–2080 future (referenced as 2070) and a “busi-
ness as usual” representative concentration pathway (RCP) of 8.5 Watts per 
square meter (RCP 8.5).

To estimate climate velocity, we calculated the mean rate of change in 
temperature over time (future – baseline; degrees C/year) divided by the 
rate of temperature change over space (degrees C/kilometer) following 
Loarie et al. (2009). The resulting units for velocity are kilometers per year, 
which may be interpreted as the average distance per year that individual 
plants and animals must move in order to track or keep pace with the base-
line temperatures experienced at a given location. To estimate climate ve-
locity for habitat types, we calculated the movement velocity that a habitat 
type (“biomes” in Rehfeldt et al. 2012) would need to migrate to maintain 
constant climate conditions projected for 2060, following the method of 
forward distance velocity in Hamann et al. (2015). We employed forecasts 
from Rehfeldt et al. (2012) that portrayed consensus among three climate 
models (CGCM3, HadCM3, and CM2.1) for two emission scenarios (A2 
and B1), which provides conservative results compared to climate velocity 
calculated for RCP 8.5.

Adaptive Capacity

We estimated adaptive capacity based on four variables that characterize the 
ability of plants and animals to adapt to climate change exposure and that 
relate explicitly to the terrestrial (Ag) and watershed-based (Aw) ecologi-
cal processes highlighted in the Great Northern LCC landscape integrity 
vision (Chambers et al. 2013; Finn et al. 2015). The first two variables 
reflect the degree to which a location is surrounded by low levels of human 
modification (H), based on the assumption that if there is lower land use 
intensity (i.e., fewer roads, urban areas, agricultural areas, and so forth), 
then landscape permeability is higher, allowing movement and dispersal 
processes to occur more naturally (e.g., Watson, Iwamura, and Butt 2013). 
These variables are most broadly applicable to the “feature” or specific 
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landform type per se. Here, adaptive capacity is the complement of hu-
man modification: A = 1–H. A second set of variables reflects the notion 
that areas with high physiographic diversity and low human modification 
(Agp, Awp) are important in facilitating species’ responses to climate change 
(Dobrowski 2010), and so these variables are a useful characterization of 
natural landscape diversity that many generalists might be associated with 
(e.g., grizzly bear). 

To estimate H, we represented the four main stressors and methods 
described in Theobald (2013) but adjusted the input data sets to account 
for the transboundary nature of the Great Northern LCC study area: urban 
and developed areas, transportation, agricultural areas, and resource extrac-
tion. We mapped urban and agricultural development using data from the 
North American Land Change Monitoring System (2013), assigning ur-
ban classes = 0.9, cropland agricultural = 0.5, and otherwise = 0.0. Hous-
ing density data were obtained from block-level data from the US Census 
of Housing 2010 and from the 2011 Census (Stats Canada 2014), and 
resource extraction areas were mapped using VIIRS nighttime lights for 
2013 (1,500 feet, or 450 meters; Elvidge et al. 2013). The four individual 
stressors were combined using the “increasive function” (Theobald 2013) 
and resulted in values of H ranging from 0.0 (natural) to 1.0 (completely 
human modified).

We calculated a watershed-based estimate of adaptive capacity (Aw) by 
calculating the mean value of 1–H within twelve-, ten-, eight-, and six-digit 
hydrologic unit codes and then taking the mean value across scales (follow-
ing Theobald 2013). Similarly, we calculated a terrestrial-based estimate of 
adaptive capacity, At, by calculating the mean value of 1–H within a series 
of moving windows scaled to be similar in size as twelve-, ten-, eight-, and 
six-digit hydrologic unit codes.

We estimated physiographic diversity by calculating the diversity of 
both landforms and parent material (lithology; Soller et al. 2009) using 
Shannon’s equitability (EH; 0 to 1), which is calculated by normalizing the 
Shannon-Weaver diversity index (S): 

where pi is the proportion of observations (cells) of type i in a given  
neighborhood and S is the number of geomorphological types. There- 

EH = H
Hmax

= S
LnS

S = _∑ ( pi Ln pi )
s

i =1

EH = H
Hmax

= S
LnS

S = _∑ ( pi Ln pi )
s

i =1
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fore, we calculated two additional variables reflecting both physiographic 
diversity and human modification, where Ap = EH; Apt = Ap 3 At; and Apw 
= Ap 3 Aw.

Vulnerability

Vulnerability is described as being a function of impact and adaptive ca-
pacity (Glick, Stein, and Edelson 2011), but guidance is limited on how 
to quantify this relationship (e.g., Klausmeyer et al. 2011). We calculated 
vulnerability V, which ranges from 0 (low) to 1 (high) as the product of ex-
posure/impact variables E and the complement of adaptive capacity A, for 
all combinations: Vtg =Et 3 (1–Ag); Vtw =Et 3 (1–Aw); Vvg =Ev 3 (1–Ag); 
Vvw =Ev 3 (1–Aw); Vhg =Eh 3 (1–Ag); Vhw =Eh 3 (1–Aw).

We min-max normalized Et (min = 2.45, max = 9.7), Ev (min = 
0.008, max = 10.21), and Eh (min = 0, max = 65) using minimum and 
maximum values from North America (lacking any specific domain to refer 
to) to scale the exposure/impact values to a 0      1 variable so that they could 
be combined with adaptive capacity to calculate vulnerability. We also min-
max normalized the adaptive capacity diversity values to reflect our example 
application to grizzly bear and so found minimum and maximum values 
within the historical grizzly bear range (Laliberte and Ripple 2004). Note 
that Ag and Aw already ranged from 0     1.

Results of Habitat Types and Landforms

The Great Northern LCC covers an expanse of 1.2 million square kilome-
ters stretching across two countries and nine states/territories and is domi-
nated by forest (46 percent) and shrublands (34.3 percent), with patches of 
grassland (10 percent), alpine (5.3 percent), and wetland/freshwater-domi-
nated/other (4.5 percent) habitat types (table 6-1). Upper-slope and lower-
slope landforms dominate the Great Northern LCC (42.7 percent and 41.6 
percent, respectively), with 4.1 percent occurring in the peak/ridge classes 
and 11.6 percent in the valley bottom classes. Roughly three quarters of the 
landforms are in the neutral heat load classes, with 14.4 percent in warm 
areas and 10.8 percent in cool areas.

We also examined the relationship of fine-grained (100 feet, or 30 
meters) landforms to the exposure variables and to the base data used for 
adaptive capacity (1 – H). Although we expected to find little pattern in 

↓ ↔
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Table 6-1.   Summary of how landform types intersect with habitat types across the 
Great Northern Landscape Conservation Cooperative.

 Habitat Type

Landform Alpine   Shrub- 
Class tundra Forest land Grassland Water Other Total Percentage

Peak/ridge  
warm 551 1,657 2,324 282 0 176 4,988 0.4%

Peak/ridge 2,040 15,096 10,276 1,929 1.2 903 30,246 2.5%

Peak/ridge  
cool 894 1,925 719 130 0 365 4,033 0.3%

Mountain/  
divide 3,475 2,468 1,428 208 0.1 1,001 8,580 0.7%

Cliff 1,249 412 154 29 0 233 2,077 0.2%

Upper slope  
warm 8,220 25,925 30,026 3,431 2.3 2,151 69,756 5.70%

Upper slope  
neutral 12,338 165,683 118,393 36,307 69.1 11,491 344,281 28.4%

Upper slope  
cool 8,130 34,177 6,141 877 1.4 2,163 51,490 4.2%

Upper slope  
flat 42 9,232 28,891 12,078 188.2 2,336 52,767 4.3%

Lower slope  
warm 5,515 24,678 25,683 2,810 3.9 1,653 60,344 5.0%

Lower slope  
neutral 10,912 163,196 105,562 33,658 107.7 12,126 325,562 26.8%

Lower slope  
cool 5,750 32,735 4,603 606 3.4 1,641 45,338 3.7%

Lower slope  
flat 42 11,160 34,328 16,266 328.7 11,762 73,888 6.1%

Valley 4,327 56,443 38,196 10,639 95.3 4,478 114,179 9.4%

Valley  
(narrow) 567 13,556 9,443 2,164 5.3 590 26,326 2.2%

Total (km2) 64,052 558,346 416,167 121,414 806.8 53,068 1,213,854 100%

Percentage 5.3% 46.0% 34.3% 10.0% 0.1% 4.4%    
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the summaries because of the disparity between scales, we found reason-
able trends relating the landform classes to the exposure variables (table 
6-2)—that is, we found that warm landforms, regardless of hillslope po-
sition, will warm by slightly higher amounts than will neutral positions. 
Peak/ridge landforms will likely warm the most, and narrow valley bottoms 
the least. Patterns of climate velocity also showed reasonable trends, with 
flat landforms facing order of magnitude greater mean velocities. Finally, 
although the overall degree of human modification is fairly low throughout 
the Great Northern LCC, not surprisingly we found that flat landforms 
have a higher proportion of human modification compared to peaks and 
ridges. Expressed in terms of adaptive capacity (Ag), flat landforms had 
lower adaptive capacity (upper flat = 0.91, lower flat = 0.92) compared to 
peaks and ridges (above 0.97). The values of adaptive capacity that include 
physiographic diversity (Apg, Apw) show similar patterns where flat and neu-
tral slopes tend to have lower physiographic adaptive capacity, but note 
that they are not directly comparable (in an absolute sense) to Ag and Aw 
because their 0    1 scaling is related to the entropy calculation as well as be-
ing normalized over a smaller domain (for historical grizzly bear distribu-
tion). Overall vulnerability scores are quite low, mostly due to the relatively 
low level of human modification in the Great Northern LCC, but trends of 
specific landform classes are consistent, showing lower-slope and warmer 
classes being more vulnerable than upper-slope and cooler classes.

Results of Impact, Adaptive Capacity, and Vulnerability

Patterns of potential future climate exposure in the Great Northern LCC 
are complex. Annual mean temperature is consistently warmer, rang-
ing from 3.9 to 5.6 degrees C in 2070 relative to recent past conditions 
(1950–2000), with especially large changes being forecast for the southern 
portions of the LCC, particularly the lower elevations in Idaho and south-
western Wyoming (fig. 6-1a). Patterns of climate velocity, also calculated 
using annual mean temperature in 2070, suggest species will need to move 
longer distances in order to keep pace with (i.e., “track”) changes in tem-
perature (fig. 6-1b). Climate velocities are especially high in lower-eleva-
tion and relatively flat areas, such as southwestern Wyoming, the Columbia 
Plateau in Washington, and the Rocky Mountain Front in Alberta. Mean-
while, nearly one quarter of the Great Northern LCC will experience a 
shift in habitat type, and the mean climate velocity for habitats in the Great 
Northern LCC is estimated to be 0.75 mile per year (1.20 kilometers per 

↓ ↔
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year; min = 0, SD = 3.57, max = 41). The pattern of habitat velocity is 
more abrupt and varied, with rapid velocities required in a variety of cur-
rent habitat interfaces throughout the region but including high-elevation 
areas in the Crown of the Continent area (fig. 6-1c).

Figure 6-1  Climate-induced  
exposure and potential impact for the 
Great Northern LCC for 2060: (a) 
increases in mean annual temperature 
range from 3.8 to 5.5 degrees C, 
with changes highest in the southern 
portions of the Great Northern LCC 
(darker); (b) climate velocity ranges 
from 0.1 to 5.7 kilometers/year, with 
higher velocities (darker) expected typ-
ically at lower elevations and plateaus; 
and (c) climate velocity of habitat types 
averages 1.2 kilometers/year (ranging 
from 0 to 41).

a) b)

c)
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Overall, the adaptive capacity in the Great Northern LCC is quite high 
(fig. 6-2), with a mean value of 0.96 and 0.97 for the terrestrial (At; fig. 
6-2a) and watershed-based index (Aw; fig. 6-2b). This region boasts great 
physiographic diversity as well (figs. 6-2c and 6-2d), with 204 different 
combinations of landforms/lithology (out of 270 possible), which is rea-
sonably well distributed throughout the Great Northern LCC, with an av-
erage equitability (EH) value of 0.55. More localized places and watersheds 
with lower A do occur, however, predominantly in eastern Washington and 
southern parts of British Columbia and Alberta.

Focusing on the eco-management zones within the Great Northern 
LCC, a variety of opportunities exist for helping managers adapt to fu-
ture changes in climate. Relating the three estimates of exposure with the 
three for adaptive capacity reveals varied and complex patterns (fig. 6-3). 
Overall, exposure of zones depends greatly on the variable (table 6-3). For 
example, the Greater Yellowstone Ecosystem will likely face high exposure 
to increasing temperatures, moderate to low exposure to climate velocity, 
and high exposure to habitat shifts, but it has high adaptive capacity. The 
Columbia Plateau in Washington will likely face relatively low exposure 
to temperature (but still increases > 4.25 degrees C), moderate exposure 
to climate velocity, and low exposure to habitat shifts. However, it has the 
lowest adaptive capacity measures due to higher levels of human land use 
but has moderately high adaptive capacity from high physiographic diver-
sity. Dinosaur National Monument faces among the highest exposure to 
temperature increases and climate velocity.

Discussion

Overall, we found that exposure of the Great Northern LCC to climate 
change is high for all three variables we examined—with up to 5.5 degrees 
C warming, climate velocity rates up to 5 kilometers per year, and nearly 25 
percent of habitats shifting to a different type. Not surprisingly, alpine areas 
will likely be strongly affected—more than 80 percent will face climate con-
ditions conducive to conversion to forested vegetation. But other habitat 
types will likely be stressed at their current ecotones as well—roughly 17 
percent of forested lands will experience a transition toward shrubland cli-
mate niche, and 16 percent of shrublands will become a grassland climate 
niche. 

By eco-management zone (table 6-3), we found that Dinosaur Na-
tional Park in northwestern Colorado and the Wyoming Landscape Conser-
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Figure 6-2  Adaptive capacity values in the Great Northern LCC reflecting 
types of movement, with dark values depicting higher adaptive capacity: (a) 
equal direction reflecting terrestrial fauna; (b) preferential within the hier-
archy of watersheds; (c) in response to physiographic diversity composed of 
landforms and parent material (lithology) and terrestrial response; and (d) 
physiographic diversity and watershed response.

a)

c)

b)

d)
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Figure 6-3  Overall vulnerability values for the Great Northern LCC assum-
ing physiographic diversity and terrestrial adaptive capacity (note that water-
shed adaptive capacity patterns are generally similar), with exposure/impact 
variables normalized to the minimum and maximum value obtained in his-
toric grizzly bear range for (a) temperature exposure; (b) impact from climate 
velocity; (c) climate velocity of habitat types; and (d) an integrated index of 
vulnerability by averaging (a) through (c). The legend in (a) also applies to 
(b), (c), and (d).

a)

c)

b)

d)
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vation Initiative in southwestern Wyoming had the highest temperature 
exposure values (> 0.2), while most zones in northern Washington had 
the lowest (< 0.11), including Crater Lake, Mount Rainier, North Cas-
cades Pacific Range, and North Cascades National Park. The impact of cli-
mate velocity is very high in the Intermountain West Joint Venture and 
the Wyoming Landscape Conservation Initiative (> 0.04), and high in the 
Arid Lands Initiative (Columbia Plateau region), Dinosaur and Bighorn 
Canyon park units (> 0.03). Interestingly, the highest habitat velocity was 
found in the Canadian Rocky Mountains region.

The adaptive capacity of the Great Northern LCC is high, as much of 
its landscapes are relatively intact and there is great physiographic diversity 
that will likely facilitate the adaptation of natural features to these changes. 
However, the magnitude of potential climate exposure in the Great North-
ern LCC remains fairly profound—with increases in temperature predicted 
to be 3.9 to 5.6 degrees C warmer. Recent work (Oyler et al. 2014) has 
identified a subtle bias in estimates of temperature at high elevation of up to 
0.5 degrees C for elevations above about 6,600 feet (about 2,000 meters). 
Consequently, exposure for mountain/ridge landforms might be particu-
larly sensitive to this bias and therefore deserves caution when interpreting, 
but overall exposure patterns should hold. 

Also, the pattern of potential climate exposure in the Great Northern 
LCC is quite complex. For example, climate velocity measures the distance 
per year that a species would need to move to “track” changes in climate so 
that the species retains the climatic conditions experienced in a given pixel. 
Some vagile species (e.g., migratory birds) would likely be able to adapt 
readily, but the plant species that make up their habitat might not—and 
certainly many species will likely be unable to disperse at these rates (Chen 
et al. 2011). Also, nearly one quarter of the Great Northern LCC will likely 
face significant enough climatic changes to result in a complete shift of a 
general “biome” or habitat type.

In this chapter, we have emphasized a coarse-filter approach to conser-
vation using landforms and physiographic diversity as relevant targets in 
the face of climate change and described potential effects on all landscapes 
as an initial data exploration and illustration. Our findings also would pro-
vide the basis to refine analysis to examine the effects on a narrower conser-
vation target (e.g., a specific species). This would require knowledge from 
field biologists and land managers to be combined with landscape-level in-
formation to further isolate important ecological processes that will drive 
likely future patterns. For example, honing in on specific landform features 
could provide the landscape context for some specific habitat features, such 
as riparian corridors associated with valley bottoms. Interestingly, the val-
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ley bottom (narrow) landform type was associated with all habitat types 
(table 6-1), but predominantly with forest, shrubland, and grassland. The 
locations where this landform coincides with general habitat types (defined 
by current vegetation cover) provide useful information about key plant 
communities that support a wealth of biodiversity. Another example would 
be to characterize the landscape context for a conservation target that is 
more diversity oriented, such as grizzly bears, which are associated with 
high physiographic diversity and low human modification.

We emphasize that although we provide summary descriptions for en-
tire eco-management zones, there is clearly much variability that can be 
addressed by examining the patterns provided in the map figures. An im-
portant illustration of our work is to better “downscale” climate change 
information to make it more applicable to land management—that is, our 
exposure variables were derived from the finest available data sets based  
on mesoclimate scale (800 meters), yet they still remain decoupled from 
the finer-scale topographic variation seen in landforms and physiography. 
In and around the Greater Yellowstone Ecosystem, the spatial patterning 
of major habitats is evident in the distribution of landforms (figs. 6-4a  
and 6-4b). However, a standard measure of exposure—future change in 
annual mean temperature—shows little to no correspondence with either 
the biome distributions evident in the imagery, or the landforms. Never-
theless, we know from a combination of first principles and empirical work 
(Dobrowski 2010) that steep, north-facing slopes can be buffered against 
climatic changes—decoupled from large-scale synoptic conditions—and 
serve as microrefugia. This will allow managers who know their systems 
to conduct more specific, targeted analyses for a given species that could 
be aligned with a specific landform or landforms to provide management 
relevant information.

We also foresee other uses of the landforms-based analysis—for ex- 
ample, as a way to focus sampling design for a particular conservation tar-
get that makes use of known affinities for fine-grained associations related 
to physiography, such as additional data collection for whitebark pine spe-
cies distribution modeling. Finally, a minor but important aspect of this 
work has been the development of transboundary data sets, recognizing 
that the Great Northern LCC occurs in Canada as well as United States. 
This required extra effort to locate, acquire, and synthesize various data sets 
(e.g., on human land use in particular). This need also applies to extending 
the ecosystem boundaries surrounding various protected areas (Hansen et 
al. 2011).

We also discovered a number of data impediments that should be ad-
dressed for future refinements, including the lack of a standardized map 
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of “habitats,” consistent high-resolution (30 meters) land cover data, and 
detailed maps on resource extraction activities and infrastructure (pipelines, 
power lines, and so forth). Another type of data gap that we are challenged 
to track and map is specific on-the-ground actions that managers and part-
ners have taken that would affect their interpretation of climate adaptation 
(e.g., fire management activities, installation of wildlife crossing structures, 
translocation activities, or even decisions made to not engage in some man-
agement activity). We need to better link the data sets and types of analy-
ses that we conduct in the vulnerability cycle step with those management 
steps that come later in the process, to complete the “cycle.” 

Conclusion

In this chapter, we applied a coarse-filter approach to examine the expo-
sure, impact, and vulnerability of different geographies of interest to Great 

Figure 6-4  An illustration of “downscaling” relatively coarse climate data 
with fine-grained landform features within the Greater Yellowstone Ecosystem 
(following the Yellowstone River out of the park), focusing on all “cool” land-
form features: (a) mesoscale climate exposure data on temperature increase, 
and (b) landform features that occur in “cool” heat load index locations.



Assessing Vulnerability to Land Use 113

Northern LCC managers and stakeholders. Again, we have emphasized 
that detailed maps of landforms and physiographic diversity can be useful 
to managers to understand the general ecological settings that are relevant 
to the management of species and ecological processes. We conclude with 
key summary messages:

• Careful classification of landforms is a useful way to identify, at a high 
resolution (about 10 to 30 meters), those landscape features that pro-
vide ecological context, especially for conservation targets with specific 
habitat needs.

• Application of a vulnerability assessment can be fine-tuned to specific 
conservation targets by characterizing exposure, impact, and adaptive 
capacity variables using relevant spatial domains (e.g., historical grizzly 
bear range).

• Specific areas identified by our vulnerability analysis to have relatively 
high impact/vulnerability include the Wyoming Landscape Conserva-
tion Initiative, Dinosaur National Monument, and Bighorn Canyon 
National Recreation Area.

• The magnitude of potential climate exposure in the Great Northern 
LCC remains fairly profound—with increases in temperature predicted 
to be 3.9 to 5.6 degrees C warmer—although the adaptive capacity of 
the Great Northern LCC is high.
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PART 3

Ecological Consequences  
and Vulnerabilities

Climate and human land use have ebbed and flowed for millennia and have 
been agents of natural selection to which many organisms have adapted. 
The key question under the current rapid rate of change is what degree 
of exposure to these changes elicits strong negative responses in ecosystem 
processes and biodiversity. This section of the book examines past and po-
tential future ecological responses to these exposures to identify the organ-
isms and ecosystems that are most vulnerable to global change and that are, 
therefore, high priorities for management action. 

As introduced in part 1, an approach for assessing vulnerability has 
emerged from the Intergovernmental Panel on Climate Change. With cli-
mate and land use as elements of exposure, sensitivity denotes the tolerance 
of an organism or ecosystem process to the change in exposure. Exposure 
and sensitivity are combined to gauge potential impact. The impact of a 
change in climate, however, may be mediated by an organism or system’s 
adaptive capacity, which refers to coping mechanisms that an organism may 
be able to employ, or the ability of natural systems to persist in the face of 
change. Vulnerability, then, is a function of the potential impact of the cli-
mate or land use change on an organism or process and its adaptive capac-
ity. The methods of assessing each of the elements of vulnerability differ in 
level of refinement, with adaptive capacity being the most embryonic. Each 
of the chapters in this section quantifies exposure, sensitivity, and potential 
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impact. Only chapter 11 (and chapter 6 in part 2) includes consideration of 
adaptive capacity using quantitative methods. 

Because ecological systems are complex and include many organisms 
and processes, a major challenge to assessing vulnerability is identifying 
which organisms and processes (i.e., conservation targets) can be realis-
tically analyzed. We chose to analyze a range of ecological response vari-
ables that span from “coarse” to “fine” filter. Individual species are often of 
highest interest to resource managers and the public. These species-specific 
analyses are called fine-filter conservation approaches. However, limited 
knowledge or practical limitations typically reduces the number of species 
that can be considered to a dozen or less. Consequently, analyses are of-
ten done on coarser levels of biodiversity, such as communities, biomes, or 
even landforms (e.g., valley bottoms of mountain plateaus). These coarse-
filter elements of biodiversity are sometimes of interest in their own right 
(e.g., valley bottoms with good soils and high agriculture potential) or be-
cause they support many species that are of high interest. 

This part considers ecological processes, such as runoff and primary 
productivity (chap. 7); vegetation at the species, community, and biome 
levels (chaps. 8–11), and coldwater fish species (chap. 12). Although our 
core team of scientists focused on terrestrial ecosystems, our management 
partners were also quite interested in considering aquatic systems. Conse-
quently, we invited fisheries experts from both the Rocky Mountains and 
the Appalachians to synthesize their previous work on climate and land 
use vulnerability of coldwater fish. The chapter on fish (chap. 12) is a good 
transition into the final part of the book on management because the chap-
ter concludes with management case studies of fish in Yellowstone and 
Great Smoky Mountains national parks.

An important finding from this part of the book is that species and eco-
systems vary dramatically in their response to climate and land use changes. 
Although some species are highly vulnerable, others may benefit under the 
projected changes. This result highlights again the need for rigorous as-
sessment of vulnerability at multiple spatial scales, including the finer scales 
within which management is typically executed.
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Ecosystem processes are the physical, chemical, and biological actions or 
events that link organisms and their environment. These processes include 
water and nutrient cycling, plant growth and decomposition, and regula-
tion of community dynamics (Millennium Ecosystem Assessment 2003). 
The ecological characteristics of many parks and protected areas are de-
pendent on the ecosystem functions that result from interactions between 
ecosystem processes, characteristics, and structures. Ecosystem functions, 
such as the regulation of water flows, soil retention and formation, and the 
provisioning of habitat and maintenance of biological diversity, in turn, 
provide the foundation for the ecosystem services supported by parks and 
protected areas (Hansen and DeFries 2007). As such, the preservation of 
ecosystem processes can be an important conservation target that comple-
ments conservation goals for species and habitats. Defining these targets is 
the first step in the Climate-Smart Conservation framework (Glick, Stein, 
and Edelson 2011; Stein et al. 2014). 

While some aspects of climate change are associated with a large degree 
of uncertainty, the Third National Climate Assessment concluded that eco-
systems and the services they provide are already being affected by climate 
change and that it is highly likely that future climate change will acceler-
ate the disruption of ecosystem processes with consequences for ecosystem 
functions and associated ecosystem services (Melillo, Richmond, and Yohe 
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2014; Groffman et al. 2014; Grimm et al. 2013). In protected areas such 
as national parks, recent climate conditions are already pushing the limits 
of the historical range of variability (Monahan and Fisichelli 2014), which 
in turn has cascading effects on park resources and values (Monahan et al. 
2013; Fisichelli et al. 2015). However, untangling ecosystem response to 
climate change can be especially complex, and relying on first principles 
alone can quickly lead to divergent response scenarios. For example, in 
montane ecosystems, the projected increase in temperatures is highly likely 
to accelerate melt of the snowpack in the spring and extend the growing 
season, which could lead to increases in overall vegetation productivity by 
increasing the number of suitable days for vegetation growth. However, 
the earlier snowmelt could also lead to reduced soil moisture and increased 
vegetation water stress during what is normally the peak of the growing 
season, substantially limiting vegetation growth through a key portion of 
the growing season and reducing overall vegetation productivity. Ecosys-
tem models provide a useful tool that can be applied to deepen our under-
standing of possible ecosystem responses to changes in climate conditions 
and can be used to calculate the net balance of different possible responses 
to climate drivers. 

Chapters 4 through 6 explored the exposure of ecosystems to recent  
and projected changes in climate and land use in the Great Northern Land-
scape Conservation Cooperative (Great Northern LCC) and future climate 
conditions in the Appalachian LCC. In this chapter, we extend these analy- 
ses to examine changes in ecosystem processes through the application of 
ecosystem models to the Great Northern and Appalachian LCCs and to 
six of the protected area centered ecosystems (PACEs) that are contained 
within, or immediately adjacent to, these LCCs. These analyses are de-
signed to provide insights into the potential impact of recent and projected 
changes in climate and land use on ecosystem processes. In these analyses, 
we leverage a widely used and well validated ecosystem model and apply 
recently developed high-resolution projections of climate and land use 
change for the United States to explore the impacts of these changes at a 
spatial resolution of 30 arc-seconds, or 0.25 square mile (800 3 800 me-
ters). Performing the analysis at this management-relevant spatial resolu-
tion is important because it allows us to capture the effects of variations in 
elevation, slope, soil texture, and biome type, which play important roles 
in regulating the response and associated vulnerability of ecosystems to 
changes in climate and land use conditions. 

In our analysis, we focus on indicators of water cycling and vegeta-
tion productivity that can be modeled with biogeochemical cycle models 
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and for which simulations with the model used in our analyses have been 
previously shown to accurately reproduce observed monthly and seasonal 
patterns in a range of ecosystem types. Indicators of the response of hy-
drologic processes and carbon cycling include snow water equivalent, soil 
moisture, evapotranspiration, runoff, and gross primary production (table 
7-1). Evapotranspiration serves as an important indicator of plant response 
to water availability, while runoff provides an indicator that summarizes the 
net water balance at the ecosystem level. 

We use gross primary production (GPP) as an indicator to capture 
the response of vegetation productivity and carbon cycling to the changes 
in climate and land use. GPP is closely related to net primary produc- 
tivity (which accounts for plant respiration) and net ecosystem productivity 
(which accounts for decomposition and heterotrophic respiration). GPP is 
a key measure of vegetation productivity and plant growth, and it integrates 
the ecosystem response to temperature, precipitation, topography, soils, 
and water and nutrient availability, making it a highly useful indicator of 
ecosystem response to changes in climate and land use conditions. 

Table 7-1.  Ecosystem indicators modeled using the Terrestrial Observa-
tion and Prediction System.

Variable Definition Units

Snow water  The amount of water contained in Millimeters of water 
equivalent the snowpack, commonly expressed  
 as the depth of water that would 
 result if the entire snowpack was  
 instantaneously melted 

Soil moisture The amount of water contained in  Kilograms of water per 
 the soil (within the root zone in this  cubic meter of soil 
 study) 

Evapotrans- The amount of water transferred to Equivalent depth of water 
piration (ET) the atmosphere from the land surface in millimeters if the total 
 through the combined processes of ET was spread evenly 
 evaporation and transpiration across the land surface

Runoff The amount of water that leaves the  Depth of water across the 
 ecosystem through surface or sub- land surface in millimeters 
 surface flow 

Gross primary The gross uptake of carbon by plants Kilograms (or grams) of 
production through photosynthesis carbon per square meter 
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Modeling Approach 

Our analysis of impacts of climate and land use change on ecosystems in 
the United States was conducted using the Terrestrial Observation and Pre-
diction System (TOPS; Nemani et al. 2009). TOPS is a modeling frame-
work that integrates and preprocesses Earth Observation Satellite data 
fields so that land surface models can be run in near real time or used to 
generate short- and long-term forecasts (Nemani et al. 2007, 2009). Mod-
eling of ecosystem response to climate and land use change utilized the 
TOPS-Biogeochemical Cycle (TOPS-BGC) model, which is based on the 
BIOME-BGC model (version 4.1.2). Brief overviews of BIOME-BGC and 
TOPS-BGC are included in this chapter, and additional details are provided 
in Nemani et al. (2007, 2009), with details on BIOME-BGC available in 
Thornton (Thornton, Running, and White 1997; Thornton et al. 2002; 
Thornton and Rosenbloom 2005).

BIOME-BGC and TOPS-BGC have been widely used to evaluate eco- 
system response to climate and to monitor carbon and hydrologic cycling  
at regional to global scales (Nemani et al. 2009). BIOME-BGC was devel- 
oped specifically to estimate fluxes of carbon, water, and nutrients from 
ecosystems, and the model can be driven with either gridded climate ob- 
servations or climate forecasts. BIOME-BGC currently includes parameteri- 
zations for six primary plant functional types or biomes, including evergreen 
needleleaf forests, evergreen broadleaf forests, deciduous broadleaf forests, 
deciduous needleleaf forests, shrublands, and grasslands/croplands. Within 
BIOME-BGC, absorption of radiation by the canopy is driven by leaf area, 
and the model calculates photosynthesis and carbon assimilation based on 
the Farquhar model (Farquhar, von Caemmerer, and Berry 1980). BIOME-
BGC simulates stomatal conductance as a function of incident radiation, 
vapor pressure deficit, leaf water potential, and minimum temperature. 
Stomatal conductance, however, is not modeled to respond to changes in 
atmospheric CO2 concentrations because the model used in this analysis 
uses fixed atmospheric CO2 concentrations. 

TOPS-BGC is derived from BIOME-BGC and uses the ecophysiologi-
cal variables from BIOME-BGC for each plant functional type (White et 
al. 2000), but it streamlines model components in BIOME-BGC that deal 
with dynamic carbon allocation and the nitrogen cycle (White and Nemani 
2004). TOPS-BGC relies on satellite measurements of leaf area index and 
the fraction of photosynthetically active radiation absorbed as inputs and 
estimates photosynthesis using a production efficiency model, similar to 
the approach employed in the GPP algorithm of the National Aeronautics 
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and Space Administration (NASA) Moderate Resolution Imaging Spectro-
radiometer (MODIS) GPP data product (Zhao et al. 2005; Heinsch et al. 
2006) but with improvements to refine the light use efficiency model for 
different land cover types (Yang et al. 2007). TOPS-BGC also includes a 
number of improvements to the BIOME-BGC hydrologic modules (Ichii 
et al. 2008) as well as modifications to improve characterization of root-
ing zone depth within the model (Ichii et al. 2009). Figure 7-1 provides a 
schematic overview of the TOPS-BGC architecture. 

Data Sets and Model Validation

As inputs, TOPS-BGC requires data sets describing maximum tempera-
ture, minimum temperature, precipitation, solar radiation, vapor pressure 
deficit, land cover, soils, topography, and initial conditions for leaf area 
index. The data sets used for these variables in our analysis are described 
below and summarized in table 7-2.

Figure 7-1   Schematic overview of the Terrestrial Observation and Prediction 
System architecture.
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Climate Data

To drive the model over the analysis period, we used the Parameter-eleva-
tion Regressions on Independent Slopes Model (PRISM) gridded histori-
cal climate observation data set (Daly et al. 2000) for the climate runs from 
1950 to 2005. For the period from 2006 through 2100, we used climate 
projections for the coterminous United States from the NASA Earth Ex-
change Downscaled Climate Projections (NEX-DCP30) data set (Thrasher 
et al. 2013). The NEX-DCP30 data set contains downscaled climate pro-
jections derived from the Coupled Model Intercomparison Project Phase 5 
(CMIP5) data set (Taylor, Stouffer, and Meehl 2012). The CMIP5 data set 
contains the historical climate experiments (1950–2005) and climate pro-
jections (2006–2100) produced using coupled global general circulation 
models and four greenhouse gas emissions scenarios known as representa-
tive concentration pathways (RCPs). The CMIP5 data set was prepared for 
the Fifth Assessment Report of the International Panel on Climate Change 
(IPCC) and provided the physical basis for future climate conditions evalu-
ated in that report. The NEX-DCP30 data set includes downscaled data 
from both the CMIP5 historical experiments (1950–2005) and future cli-
mate projections (2006–2100) at a monthly time step and a spatial resolu-

Table 7-2.  Data sets used as inputs to the Terrestrial Observation and 
Prediction System in the modeling analysis.

Input Data Set

Impervious surface National Land Cover Database (2001),  
area SERGoM Impervious Surface Area
Climate (historical) PRISM 800m Monthly Weather Surfaces
Climate (forecast) NEX-DCP30 Downscaled CMIP5 
 800m Scenarios for RCP 4.5, 8.5
Elevation National Elevation Dataset (resampled to 800m)
Leaf area index MODIS MOD15A2 LAI (Myneni et al. 2002) 
(baseline run)
Leaf area index MODIS LAI Climatology 
(forecast)
Soils U.S. STATSGO2 database
Land cover MODIS MOD12Q1 Land cover (Friedl et al. 2002)
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tion of 30 arc-seconds, which is approximately 0.5 mile (800 meters), or 
0.25 square mile per pixel. We used the maximum temperature, minimum 
temperature, and precipitation data from NEX-DCP30 and derived data 
for solar radiation and vapor pressure deficit following the methods out-
lined in Thornton (Thornton, Running, and White 1997; Thornton and 
Running 1999). 

In our analysis, we used the ensemble average of data from all avail-
able models for RCP 4.5 and 8.5 to evaluate the expected possible range 
of ecosystem response to future climate conditions. RCP 4.5 is based on a 
greenhouse gas emissions scenario that assumes coordinated and effective 
global action to slow greenhouse gases in the short term and effectively 
represents the “best case” achievable given current global atmospheric con-
centrations of greenhouse gases. RCP 8.5 represents the “business as usual” 
scenario, with continued rapidly increasing levels of greenhouse gases in 
the atmosphere and with concentrations more than doubling concentra-
tions relative to the already high concentrations as of 2006. As of 2015, 
global emissions of greenhouse gases have been tracking or exceeding the 
trajectory described by RCP 8.5. 

Land Cover Data

Land cover data for the historical modeling experiment (1950–2006) and 
baseline model runs (2001–2010) were derived from the National Land 
Cover Database 2001 (2011 edition) (Homer et al. 2004). Land cover data 
for the future scenarios incorporated decadal forecasts of impervious sur-
face area from the Spatially Explicit Regional Growth Model (SERGoM) 
for the year 2010 to 2100 (Bierwagen et al. 2010). SERGoM (Theobald 
and Hobbs 1998; Theobald 2005) forecasts change as a function of his-
torical growth rates and patterns and was originally developed specifically 
to model land use changes in rural landscapes and predict housing den-
sity changes at urban to rural densities. To simulate future IPCC scenarios, 
SERGoM was modified with a projection model that incorporated demo-
graphic parameters (birth/death, immigration/emigration) into a gravity-
based model in which distance to the nearest urban core was estimated 
using road infrastructure capacity. 

Details on linking the land use outputs from SERGoM with TOPS-
BGC can be found in Goetz et al. (2009). The primary output from 
SERGoM used in TOPS-BGC is impervious surface area (ISA), which is 
closely correlated with development intensity. In summarizing results from 
our analysis, we also used data from the US Geological Survey’s National 
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Gap Analysis Program (GAP) Land Cover data set (Jennings 2000) to 
identify the dominant ecosystem type associated with each grid cell. We 
then used this information to calculate summaries across each PACE to 
evaluate potential impacts on regions currently associated with each of the 
major ecosystem types in each PACE.

Soils and Topography

Data on soil texture and soil depth were derived from the US STATSGO2 
database (NRCS 2015). TOPS includes complete US soil texture and rock 
depth grids at a spatial resolution of about 0.6 mile (1 kilometer). TOPS-
BGC does not directly utilize ISA as an input parameter; however, ISA 
directly reduces soil water-holding capacity, and increasing ISA has been 
clearly shown to increase runoff (e.g., Carlson 2004; Rose and Peters 
2001). To capture the influence of increasing ISA on runoff, we made the 
simplifying assumption that on a per pixel basis ISA is inversely related 
to total soil water-holding capacity. For example, a pixel with 50 percent 
ISA has effectively lost 50 percent of the available soil volume available to 
absorb and store precipitation. Elevation data is derived from the approxi-
mately 100-foot (30-meter) US Geological Survey National Elevation Da-
taset (NED; Gesch et al. 2002). NED was resampled to a resolution of 30 
arc-seconds using a nearest neighbor spatial resampling algorithm and cal-
culating the average elevation of all approximately 100-foot pixels within 
each 0.25 square mile as the pixel value.

Leaf Area Index

TOPS is capable of using simulated seasonal plant growth patterns, 
climatologies derived from historic satellite observations, or direct satellite 
observations of the land surface to estimate leaf area index and parameterize 
vegetation conditions within the model to track the observed seasonal 
patterns in vegetation growth. For this analysis, we used the MODIS 8-Day 
Leaf Area Index product (Myneni et al. 2002) data record from January 2001 
through December 2010 to capture leaf area and phenological dynamics. 
A monthly climatology was calculated from the ten-year record, and data 
were resampled from about 0.6 mile (1 kilometer) to 30 arc-seconds. The 
climatology derived from satellite observations was used in the long-term 
ecosystem simulations from 1950 to 2100. It was also used in the model 
runs from 2000 to 2010 to assess model validation and accuracy. 
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Model Validation and Accuracy

While TOPS-BGC has been validated in a number of previous studies, 
prior to conducting the long-term simulations we conducted simulations 
for the period spanning 2000 to 2010 and compared results against ob-
servations from monitoring stations across the United States. Estimates of 
evapotranspiration and GPP were compared against observations collected 
at thirty-six different flux tower sites operated as part of the AmeriFlux ob-
servation network (http://ameriflux.lbl.gov; Law 2007). The flux tower 
locations used in our comparison include sites in the Great Northern and 
Appalachian LCCs and span the full range of ecosystem types evaluated in 
our analysis. The modeled estimates for evapotranspiration compared well 
with evapotranspiration measured at the AmeriFlux sites (R2 = 0.73), and 
the root mean square error (RMSE) at most sites ranged from less than 0.3 
to 0.6 millimeters a day. Modeled estimates of GPP also compared well 
against the observations at AmeriFlux sites (R2 = 0.67), with RMSE values 
at most sites of less than 0.5 g-C/m2 per day. Importantly, the modeled re-
sults showed minimal bias when compared against the observed data from 
the AmeriFlux sites. 

Runoff estimates from TOPS-BGC were compared against runoff 
measured at US Geological Survey streamflow gauges for twelve of the 
largest wild and scenic rivers in the United States, and results from the 
comparison showed high model skill in predicting annual runoff (R2 = 
0.99), with average errors across the twelve watersheds of less than 8 m3/s.

Projected Changes in Temperature, Precipitation, and Land Use

As described in chapters 4 through 6, both the Great Northern LCC and 
Appalachian LCC regions are expected to experience increases in maximum 
and minimum temperatures that will push temperatures above ecologically 
meaningful thresholds associated with plant growth, alter the amount of 
precipitation that falls as rain versus snow, and influence snowmelt and 
runoff. Even under RCP 4.5, both minimum and maximum temperatures 
in the Great Northern LCC are expected to increase by more than 4 de-
grees F (2.5 degrees C), and by more than 9 degrees F (5 degrees C) under 
RCP 8.5. In the Appalachian LCC, minimum and maximum temperatures 
are projected to increase by more than 5 degrees F (2.8 degrees C), and 
by more than 10 degrees F (5.6 degrees C) under RCP 8.5. Importantly, 
for both of these regions, there is large agreement across models that tem-
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peratures will increase; temperature increases under RCP 8.5 are especially 
pronounced.

There is a greater range of projections for changes in precipitation in 
these two regions, although the ensemble average of all thirty-four climate 
models included in the NEX-DCP30 data set projects modest increases in 
precipitation across both LCCs through the end of this century. Within 
the Great Northern LCC parks and PACEs, this increase ranges from 6 to 
16 percent relative to current conditions (2000–2009), while in the Ap- 
palachian LCC precipitation increases by about 10 percent across the  
Appalachian LCC. Increases in precipitation are projected to occur under 
both RCP 4.5 and 8.5, with slightly larger increases occurring on average 
under RCP 8.5 in both LCCs.

Projected changes in impervious surface area for each LCC and PACE 
are summarized in table 7-3. Overall, both current and future levels of im-
pervious surface area within the Great Northern LCC are small, amounting 
to less than 0.3 percent of the total area in 2010, and 0.7 percent in 2100, 
even under the more rapid development scenario. The only PACE where 
total ISA exceeds 1 percent in 2100 is the Rocky Mountain PACE, where 
ISA is projected to increase from 0.7 percent in 2010 to 2.5 percent in 
2100 under the business as usual scenario (RCP 8.5). Current levels of 
ISA in the Appalachian LCC are higher and average 2 percent across the 
Appalachian LCC, with a maximum ISA of 3 percent of the total area for 
the Delaware Water Gap PACE. Across the Appalachian LCC as a whole, 
projected increases in ISA amount to less than 1 percent of the total area 
of the LCC or PACE. The Delaware Water Gap PACE is again the excep-
tion, increasing from 3 percent in 2010 to 4 percent in 2100 under the low 
development scenario (RCP 4.5) and increasing to more than 7 percent 
ISA in 2100 under the business as usual development scenario (RCP 8.5). 

The impacts of these changes in temperature, precipitation, and land 
use on ecosystem processes are described below and summarized in figure 
7-2 and tables 7-4 and 7-5. We focus on key results across the LCCs as 
well as results from individual PACEs that differ from the overall patterns 
across the LCCs. We have left the units in our tables in metric units to facili-
tate comparison with other studies, and in our discussion we focus on the 
amount of change relative to baseline conditions from 1970 to 1999. We 
have also included both absolute estimates and measures of relative changes 
in tables 7-3 and 7-4 to facilitate comparison both with other studies and 
across different time periods. All comparisons expressed as percent change 
are calculated relative to the average of conditions from 1970 to 1999, 
unless otherwise stated. The strength of our modeling analysis is that it 



Great Northern and Appalachian Landscape Conservation Cooperatives 129

captures the direction of climate and land use change at ecologically mean-
ingful scales. As such, in our discussion we focus on the relative changes 
between time periods, rather than on absolute model predictions for each 
variable.

Ecosystem Responses in the Great Northern LCC 

Regardless of the amount of precipitation, much more of the precipitation 
is projected to fall as rain instead of snow, with substantial impacts to the 
snowpack across the Great Northern LCC (figs. 7-2a and 7-2b) under both 
RCP 4.5 and 8.5. Even under RCP 4.5, the net balance of the projected 
increases in temperatures and precipitation results in reductions of almost 
–20 percent in the average total annual snowpack during the period from 
2020 to 2049 relative to 1970 to 1999 (table 7-4a). By 2099, the annual 
snowpack is projected to decrease by more than –36 percent under RCP 
4.5, and by –66 percent under RCP 8.5. These changes in the snowpack 
occur in all seasons but are especially pronounced in the spring, with re-
ductions of –70 percent in the snowpack in 2070–2099 under RCP 4.5. 
Reductions exceed –90 percent under RCP 8.5, resulting in an almost com-
plete loss of the winter snowpack in most years by the end of this century.

Table 7-3.  Changes in impervious surface area from 2010 to 2100. 

 Impervious Surface Area (km2)

 Total Area  2010, B2 2100, B2 2010, A2 2100, A2 
LCC/PACE (km2) (RCP 4.5) (RCP 4.5) (RCP 8.5) (RCP 8.5)

GNLCC 660,404 1,731 2,052 1,703 2,167
Glacier 22,067 45 46 43 44
Yellowstone 42,646 58 66 54 58
Rocky Mountain 9,450 66 125 67 232
ALCC 592,906 12,382 13,788 12,328 15,755
DEWA 14,057 448 574 452 1,033
Shenandoah 10,752 229 273 227 319
GRSM 15,640 318 333 315 376

Note: LCC = landscape conservation cooperative; PACE = protected area centered ecosys-
tem; RCP = representative concentration pathway; GNLCC = Great Northern LCC; ALCC 
= Appalachian LCC; DEWA = Delaware Water Gap National Recreation Area; GRSM = 
Great Smoky Mountains National Park.
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Figure 7-2   Percent change in ecosystem indicators from 1970–1999 to 2070–
2099. The change in ecosystem indicators from 1970–1999 to 2070–2099 is 
shown as a percentage of the average conditions for each indicator for 1970–1999. 
Negative values indicate a net decrease in the indicator in 2070–2099 relative to 
1970–1999. Results are included for changes in snow water equivalent (SWE) un-
der RCP 4.5 (a) and RCP 8.5 (b), runoff under RCP 4.5 (c) and RCP 8.5 (d), and 
gross primary production (GPP) under RCP 4.5 (e) and RCP 8.5 (f). Key: The la-
bels for each PACE boundary shown correspond to the National Park Service code 
for the park contained within each PACE: within the Great Northern LCC (GN-
LCC), GLAC = Glacier National Park (NP), YELL = Yellowstone NP, ROMO 
= Rocky Mountain NP; within the Appalachian LCC (ALCC), GRSM = Great 
Smoky Mountains NP, SHEN = Shenandoah NP, and DEWA = Delaware Water 
Gap National Recreation Area.

a)

c)

b)

d)

e) f)
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Table 7-4a.  Great Northern LCC ecosystem response.  

    Percent Change Percent Change 
 Hist. RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

Season/

     

Variable

Annual              

SWE 91 73 62 58 69 45 31 –19.8 –32.0 –36.7 –24.2 –50.6 –66.1
ET 342 357 367 371 361 376 385 4.5 7.4 8.5 5.7 10.1 12.6
Soil water 311 315 316 317 316 318 320 1.1 1.6 1.7 1.4 2.1 2.7
Runoff 337 332 337 340 335 341 350 –1.4 –0.1 0.8 –0.7 1.2 3.8
GPP 631 643 641 639 642 633 621 1.8 1.5 1.2 1.6 0.2 –1.7

Winter             

SWE 233 209 182 171 200 138 99 –10.1 –21.9 –26.5 –14.1 –40.7 –57.7
ET 12 17 26 30 20 38 51 44.3 123.0 160.9 69.9 228.3 338.1
Soil water 306 321 331 335 324 343 356 4.8 8.1 9.3 5.9 12.1 16.3
Runoff 24 41 59 68 46 87 119 69.0 145.4 182.7 92.6 262.6 395.0
GPP 17 23 29 31 25 35 41 40.9 74.8 89.9 50.2 111.6 147.8

Spring             

SWE 70 34 24 21 31 14 6 –52.2 –65.6 –70.1 –56.2 –80.5 –91.2
ET 163 177 179 179 178 177 174 8.9 10.0 10.1 9.4 8.9 7.1
Soil water 370 367 360 358 366 350 338 –0.8 –2.7 –3.4 –1.3 –5.6 –8.7
Runoff 248 245 228 221 240 197 165 –1.3 –8.2 –11.0 –3.1 –20.5 –33.3
GPP 257 266 265 264 265 260 254 3.5 3.0 2.6 3.2 1.0 –1.2

Summer             

SWE 1.09 0.37 0.27 0.20 0.33 0.13 0.04 –65.6 –75.0 –81.2 –69.8 –87.9 –95.9
ET 133 123 119 117 122 115 110 –7.3 –10.1 –11.4 –8.0 –13.6 –16.9
Soil water 279 274 273 272 274 273 272 –1.8 –2.2 –2.4 –1.8 –2.3 –2.4
Runoff 50 29 26 24 28 22 21 –41.7 –48.5 –51.4 –43.9 –55.4 –58.7
GPP 317 305 297 293 303 286 272 –3.6 –6.2 –7.4 –4.4 –9.7 –14.1

Fall             

SWE 61 50 42 39 46 29 19 –18.7 –31.4 –36.6 –24.9 –53.3 –68.7
ET 35 40 43 44 41 46 49 15.9 23.6 25.8 18.9 32.2 42.2
Soil water 290 297 301 302 299 307 312 2.4 3.9 4.3 3.1 5.8 7.8
Runoff 15 18 24 27 20 34 45 16.5 59.9 76.4 33.4 125.9 195.7
GPP 41 48 50 51 49 52 53 16.7 22.5 23.7 18.9 26.7 29.8

Note: Change in indicators of ecosystem processes in the Great Northern LCC, summarized as annual 
and seasonal averages for four thirty-year periods, and for RCP 4.5 and 8.5.  Indicators include daily 
average snow water equivalent (SWE) (mm), total annual/seasonal evapotranspiration (ET) (mm), 
daily average soil water (kg-H20/m3), total annual/seasonal runoff (mm), and total annual/seasonal 
gross primary production (GPP) (g-C/m2). The percent change for RCP 4.5 and 8.5 is calculated 
relative to the baseline period from 1970 to 1999. 
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Table 7-4b.  Appalachian LCC ecosystem response.  

    Percent Change Percent Change 
 Hist. RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

Season/

     

Variable

Annual              

SWE 23 16 10 6 13 5 1 –29.3 –56.5 –73.0 –42.6 –78.8 –93.8
ET 645 684 707 720 693 721 739 6.1 9.6 11.6 7.5 11.8 14.6
Soil water 397 394 392 391 393 390 389 –0.8 –1.2 –1.6 –1.0 –1.7 –2.0
Runoff 562 556 561 559 557 561 571 –1.1 –0.2 –0.6 –0.9 –0.2 1.6
GPP 1460 1488 1478 1463 1482 1442 1395 1.9 1.2 0.2 1.5 –1.3 –4.5

Winter             

SWE 81 57 37 23 47 19 6 –28.9 –54.4 –70.9 –41.5 –76.6 –93.0
ET 69 92 105 117 99 120 134 34.2 52.5 70.1 44.8 74.8 94.5
Soil water 433 432 432 431 432 433 431 –0.3 –0.1 –0.5 –0.3 –0.1 –0.4
Runoff 153 173 186 194 180 204 218 13.3 21.8 27.2 17.6 33.8 43.0
GPP 85 102 112 120 107 121 129 20.6 32.6 42.3 26.6 42.8 52.4

Spring             

SWE 0 0 0 0 0 0 0 – – – – – –
ET 258 259 263 261 259 259 259 0.4 1.8 1.1 0.3 0.5 0.3
Soil water 395 387 379 375 384 374 370 –2.1 –4.0 –5.0 –2.8 –5.4 –6.4
Runoff 223 202 186 174 195 168 158 –9.5 –16.8 –22.1 –12.6 –24.8 –29.1
GPP 544 542 533 523 538 516 496 –0.3 –2.1 –3.8 –1.1 –5.2 –8.9

Summer             

SWE 0 0 0 0 0 0 0 – – – – – –
ET 219 226 230 231 227 230 233 3.1 4.9 5.4 3.7 5.3 6.3
Soil water 359 356 356 355 356 354 354 –0.7 –0.7 –0.9 –0.7 –1.2 –1.4
Runoff 89 84 88 87 85 84 86 –6.3 –1.9 –2.8 –4.6 –6.0 –4.0
GPP 629 630 617 604 624 592 560 0.1 –1.9 –4.0 –0.9 –5.8 –10.9

Fall             

SWE 10.0 6.8 2.7 1.0 4.9 0.3 0.0 –32.2 –72.9 –89.6 –51.0 –96.7 –99.8
ET 99 107 110 112 108 111 114 8.0 10.6 12.2 8.3 11.9 15.0
Soil water 401 401 401 401 400 401 401 –0.2 –0.1 –0.1 –0.2 0.0 0.0
Runoff 97 97 102 104 97 105 109 0.4 4.8 7.0 0.5 8.1 12.4
GPP 202 214 215 215 213 213 210 5.5 6.4 6.2 5.3 5.0 3.5

Note: Change in indicators of ecosystem processes in the Appalachian LCC, summarized as annual 
and seasonal averages for four thirty-year periods, and for RCP 4.5 and 8.5.  Indicators and units are 
the same as those listed in table 7-4a.  The percent change for RCP 4.5 and 8.5 is calculated relative 
to the baseline period from 1970 to 1999.  
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The spatial variability in ecosystem response in the Great Northern 
LCC that is evident in figure 7-2 follows gradients in elevation, aspect, and 
soil characteristics, and the patterns are also strongly influenced by current 
snow and runoff dynamics and the extent of future loss of the snowpack. In 
general, the higher elevations within the Great Northern LCC—and espe-
cially in the PACEs for Glacier and Yellowstone and the Rocky Mountain 
PACE—exhibit larger increases in runoff. Higher elevations with only par-
tial loss of the snowpack are also more likely to exhibit increases in vegeta-
tion productivity through the end of the century.

Concurrent with the reductions in the winter snowpack, increasing 
temperatures also drive increases in evapotranspiration across the Great 
Northern LCC. Overall, these projected annual increases are modest, rang-
ing from about 5 percent (under both RCP 4.5 and 8.5) over the period 
from 2020 to 2049, to 8 percent (RCP 4.5) to 13 percent (RCP 8.5) in 
2070–2099, relative to 1970–1999 (table 7-4a). On an annual basis, the 
projected increases in evapotranspiration approximately offset the increases 
in precipitation, and as a result, annual total runoff is projected to change 
very slightly (–1 percent to 4 percent), if at all, across the LCC as a whole.

While the projected changes in the annual totals for evapotranspiration 
and runoff are relatively small, they mask large changes in the timing and 
seasonality of these hydrologic fluxes. Runoff, in particular, is projected to 
see large increases in the fall and winter seasons, with corresponding de-
creases in the spring and summer (table 7-4a). Even under RCP 4.5, winter 
runoff over the period from 2050 to 2079 is projected to increase by nearly 
150 percent, and fall runoff increases 60 percent relative to 1970–1999. 
Under RCP 8.5, these increases are even more dramatic, with winter runoff 
increasing nearly 400 percent by the end of the century and with fall runoff 
almost doubling. Meanwhile, summer runoff is projected to decrease by 
more than –40 percent as early as 2020–2049 under RCP 4.5, and de-
cline by –50 percent by the end of the century. Spring runoff is expected 
to change more gradually under RCP 4.5, with reductions of just over –10 
percent by the end of the century. Under the more rapid warming associ-
ated with RCP 8.5, however, spring runoff also declines sharply, dropping 
more than –20 percent by 2050–2079, and by –33 percent by the end of 
the century. Under RCP 8.5, summer runoff declines as well, with reduc-
tions of –44 percent expected by 2020–2049, and declining further to –58 
percent of current levels by 2070–2099.

The projected changes in vegetation productivity, as measured by GPP, 
follow patterns similar to the projected changes in evapotranspiration and 
runoff. On an annual basis, our results suggest that vegetation productivity 
is likely to change only slightly for the Great Northern LCC as a whole, and 
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projected changes range from a small increase (1.3 percent) by 2070–2099 
under RCP 4.5 to a small decrease (–1.7 percent) under RCP 8.5 (table 
7-4a). However, the more important pattern is the pronounced shift in 
the seasonality of vegetation growth. At present, 50 percent of total annual 
GPP in the Great Northern LCC occurs in summer months, and summer 
GPP is projected to steadily decline in the coming decades, with reductions 
in 2070–2099 ranging from –7 percent (RCP 4.5) to –14 percent (RCP 
8.5). 

On an annual basis, these declines are projected to be offset by increases 
in GPP in the fall and winter, at least in terms of overall vegetation pro-
ductivity across the LCC. With the increase in temperature and resultant 
increases in snowmelt and runoff, GPP increases substantially during these 
seasons relative to 1970–1999. Under both RCP 4.5 and 8.5, winter GPP 
is predicted to increase by 40 to 50 percent by 2020–2040, and increase 
by 90 percent (RCP 4.5) to nearly 150 percent (RCP 8.5) by 2070–2099. 
GPP in the fall months also increases from 24 percent (RCP 4.5) to 30 
percent (RCP 8.5) by 2070–2099, and together these increases represent 
a substantial extension of the growing season, largely driven by increases 
in minimum temperature and the number of snow-free days. Spring GPP 
remains relatively consistent, with projected changes by the end of this cen-
tury ranging from 2.5 percent (RCP 4.5) to –1 percent (RCP 8.5). 

The relatively moderate changes in spring and summer GPP relative 
to the projected changes in runoff are explained in part by the buffering 
of these changes through water storage by soils in the root zone. Overall, 
changes in soil moisture in all seasons are small through the period from 
2070 to 2099 under both RCPs, with the largest changes occurring in the 
winter (16 percent) and spring (–9 percent) under RCP 8.5 (table 7-4a). 
However, under RCP 8.5, the declines in soil moisture in the spring begin 
to accelerate toward the end of the century, suggesting that as warming 
continues beyond 2100, the ability of the soils to buffer changes in snow-
melt runoff may be degraded.

Overall, projected land use changes and associated changes in hous-
ing density and impervious surface area have a minor role across the Great 
Northern LCC because of the relatively small baseline level of ISA and 
small, localized projected increases. However, hot spots are visible in fig-
ures 7-2c, 7-2d, 7-2e, and 7-2f; these include regions along the western 
edge of the Great Northern LCC boundary in Washington and located to 
the southeast of the Rocky Mountain PACE boundary. Projected changes 
in land use and increases in ISA in these localized regions drive reductions 
in GPP of more than –25 percent, and increases in runoff exceeding 25 per-
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cent by 2070–2099 under both RCPs. The total area represented by these 
hot spots of development is limited enough to have a small net influence 
on results for the Great Northern LCC as a whole, but the increases in ISA 
are very likely to have large localized impacts on ecosystem processes in the 
regions adjacent to these hot spots.

Results for the Yellowstone and Glacier PACE regions largely follow 
the same patterns described for the Great Northern LCC as a whole. El-
evations and regions currently associated with mixed conifer, sagebrush 
steppe, and spruce-fir ecosystems exhibit similar annual and seasonal eco-
system responses to the climate and land use changes. Examples of excep-
tions to the general patterns in the LCC are listed in table 7-5 and include 
grassland ecosystems in the Glacier PACE, lodgepole and ponderosa pine 
ecosystems in the Rocky Mountain PACE, and alpine ecosystems in all 
three PACEs (representative example included in table 7-5 for the Yellow-
stone PACE). Grassland ecosystems exhibit increases in evapotranspiration 
similar to those for the Great Northern LCC but exhibit a small increase 
in GPP under RCP 4.5 (about 2 percent) and almost no net change under 
RCP 8.5 through 2070–2100. Summer GPP for grasslands also declines 
under RCP 8.5, but the decline is only half of the average for the Great 
Northern LCC as a whole.

Table 7-5.  Ecosystem response by vegetation type.    

    Percent Change Percent Change 
 Hist. RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

Vegetation 
Type/     
Variable

Glacier, Grasslands             

SWE 60 53 42 39 50 32 20 –12 –30 –34 –16 –47 –67
ET 382 410 421 424 412 435 453 7.3 10.2 11.0 7.8 13.8 18.5
Soil water 414 425 429 428 425 428 430 2.5 3.6 3.4 2.7 3.5 3.7
Runoff 231 235 234 232 235 230 230 1.8 1.4 0.3 1.7 –0.3 –0.4
GPP 590 605 603 602 602 597 586 2.4 2.2 2.0 2.0 1.1 –0.7

Yellowstone, Alpine             

SWE 266 216 209 204 215 197 190 –19 –212 –23 –19 –26 –29
ET 330 350 363 365 355 374 389 6.0 10.0 10.7 7.6 13.5 18.0
Soil water 245 249 252 251 250 252 255 1.9 2.9 2.8 2.4 3.2 4.1
Runoff 735 733 759 760 745 777 805 –0.2 3.2 3.5 1.3 5.7 9.5
GPP 274 276 277 278 277 279 281 0.8 1.4 1.6 1.2 1.9 2.8
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Table 7-5.  (Continued)

    Percent Change Percent Change 
 Hist. RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

Vegetation 
Type/     
Variable

Rocky Mountain, Alpine            

SWE 228 183 177 178 182 167 159 –20 –23 –22 –20 –27 –31
ET 354 393 407 411 398 416 428 10.9 14.7 15.8 12.4 17.5 20.6
Soil water 279 283 284 285 284 285 286 1.3 1.8 2.1 1.7 2.2 2.7
Runoff 617 594 604 614 600 613 627 –3.7 –2.0 –0.5 –2.7 –0.5 1.7
GPP 427 450 458 461 454 460 458 5.5 7.3 8.1 6.4 7.7 7.2

Rocky Mountain, Lodgepole Pine           

SWE 75 61 58 57 60 47 35 –19 –23 –24 –19 –37 –53
ET 347 366 375 378 369 388 402 5.7 8.1 9.1 6.4 12.1 16.0
Soil water 253 256 258 259 257 262 268 1.2 2.0 2.2 1.5 3.8 5.9
Runoff 259 252 258 262 256 254 252 –2.7 –0.3 1.0 –1.3 –1.9 –2.9
GPP 701 729 746 751 735 762 775 4.0 6.5 7.1 4.9 8.8 10.6

Rocky Mountain, Ponderosa Pine

SWE 20 11 8 8 10 5 2 –43 –57 –62 –48 –77 –89
ET 289 287 295 297 290 301 302 –0.5 2.1 3.0 0.3 4.1 4.6
Soil water 193 201 203 203 202 205 207 4.3 5.2 5.5 4.6 6.3 7.1
Runoff 193 204 207 208 204 204 204 5.9 7.4 8.1 5.9 5.8 6.0
GPP 755 816 838 845 821 859 870 8.0 11.0 11.9 8.8 13.8 15.3

Delaware Water Gap, Hemlock-Hardwood Forest

SWE 61 56 45 41 53 27 12 –8.7 –27 –34 –13 –56 –80
ET 568 605 626 636 611 657 685 6.5 10.2 12.0 7.6 15.7 20.6
Soil water 402 402 401 400 401 398 395 –0.2 –0.4 –0.5 –0.2 –1.1 –1.9
Runoff 615 622 629 632 626 627 628 1.1 2.2 2.7 1.8 1.9 2.0
GPP 1475 1511 1504 1503 1509 1483 1453 2.5 1.9 1.9 2.3 0.6 –1.5

Shenandoah, Cove Forest

SWE 14.6 1.7 0.6 0.4 1.3 0.1 0.0 –89 –96 –98 –91 –99 –100
ET 674 728 749 751 734 761 776 7.9 11.1 11.3 8.9 12.8 15.0
Soil water 355 348 348 348 348 347 347 –2.0 –1.9 –2.0 –2.0 –2.2 –2.2
Runoff 617 577 606 602 584 603 622 –6.4 –1.8 –2.5 –5.3 –2.2 0.9
GPP 1691 1737 1735 1730 1735 1705 1658 2.7 2.6 2.3 2.6 0.8 –1.9

Great Smoky, Northern Hardwood

SWE 36.7 7.3 1.7 1.2 4.5 0.2 0.0 –80 –95 –97 –88 –99 –100
ET 779 870 904 909 881 921 945 11.7 16.0 16.6 13.1 18.2 21.2
Soil water 412 396 395 395 396 392 391 –3.9 –4.0 –4.1 –3.8 –4.7 –4.9
Runoff 1150 1056 1087 1087 1074 1070 1082 –8.2 –5.4 –5.4 –6.6 –6.9 –5.9
GPP 1669 1732 1745 1745 1732 1744 1738 3.8 4.6 4.6 3.8 4.5 4.1
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High elevations associated with alpine ecosystems have reductions in 
snow water equivalent under RCP 8.5 that are approximately half of those 
of the Great Northern LCC as a whole. Like the LCC, they also have large 
projected increases in evapotranspiration. Increases in runoff for alpine eco-
systems in the Yellowstone PACE are approximately double the average 
for the Great Northern LCC overall, but instead of declining GPP, alpine 
ecosystems exhibit projected increases in annual average GPP of 6 to 8 per-
cent under both RCPs in all time periods, with GPP generally increasing as 
temperatures warm and the snowpack is reduced (table 7-5). 

Table 7-5.  (Continued)

    Percent Change Percent Change 
 Hist. RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

Vegetation 
Type/     
Variable

Great Smoky, Spruce-Fir

SWE 62.8 26.6 8.4 5.6 18.5 1.0 0.0 –58 –87 –91 –71 –98 –100
ET 724 823 872 881 837 898 923 13.7 20.5 21.7 15.6 24.1 27.5
Soil water 397 379 376 374 379 371 370 –4.6 –5.4 –5.8 –4.6 –6.6 –6.9
Runoff 1298 1188 1208 1203 1203 1182 1194 –8.5 –7.0 –7.3 –7.3 –9.0 –8.1
GPP 1444 1516 1528 1530 1515 1533 1534 5.0 5.9 6.0 5.0 6.2 6.2

Great Smoky, Cove Forest

SWE 5.7 0.1 0.0 0.0 0.0 0.0 0.0 –99 –100 –100 –99 –100 –100
ET 785 835 857 860 843 866 882 6.4 9.1 9.5 7.4 10.3 12.4
Soil water 340 335 335 335 335 334 334 –1.7 –1.4 –1.5 –1.5 –1.9 –2.0
Runoff 782 752 784 786 770 776 788 –3.9 0.3 0.5 –1.6 –0.8 0.8
GPP 1715 1765 1760 1753 1762 1721 1670 2.9 2.6 2.2 2.7 0.3 –2.7

Great Smoky, Oak Forest

SWE 6.2 0.1 0.0 0.0 0.0 0.0 0.0 –99 –100 –100 –100 –100 –100
ET 776 825 847 850 833 856 872 6.4 9.2 9.5 7.4 10.3 12.4
Soil water 331 325 326 326 326 325 324 –1.8 –1.5 –1.5 –1.5 –1.9 –2.0
Runoff 774 744 776 777 762 768 780 –3.8 0.3 0.5 –1.5 –0.8 0.8
GPP 1723 1775 1771 1765 1772 1734 1687 3.0 2.8 2.4 2.8 0.6 –2.1

Note: Examples of change in indicators of ecosystem processes in regions associated with key vegeta-
tion types for each PACE, summarized as annual averages for four thirty-year periods, and for RCP 
4.5 and 8.5.  Indicators and units are the same as those listed in table 7-4a. The percent change for 
RCP 4.5 and 8.5 is calculated relative to the baseline period from 1970 to 1999.
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Regions in the Rocky Mountain PACE currently associated with 
lodgepole pine and ponderosa pine ecosystems follow the overall Great 
Northern LCC patterns for reductions in the snowpack and increasing 
evapotranspiration and runoff. However, warming temperatures and a 
positive net water balance also favor these ecosystems, and GPP steadily 
increases under both RCPs, with a net increase by 2070–2099 of as much 
as 11 percent for lodgepole pine and 15 percent for ponderosa pine ecosys-
tems under RCP 8.5. 

Ecosystem Responses in the Appalachian LCC 

As in the Great Northern LCC, warming temperatures across the Appala-
chian LCC are projected to drive large reductions in the winter snowpack. 
By 2050–2079, reductions in the snowpack are projected to exceed –50 
percent under both RCP 4.5 and 8.5. By 2070–2099, the snowpack is pro-
jected to decline by more than –70 percent under RCP 4.5. Under RCP 
8.5, the snowpack will be almost completely gone by the end of the cen-
tury, with declines of more than –90 percent, indicating that with warming 
temperatures the Appalachians will be largely snow-free during most years 
(table 7-4b). 

Unlike the Great Northern LCC, however, in the Appalachian LCC  the 
melt of the snowpack plays a smaller role in regulating the annual hydro- 
logical cycle. During the period from 1970 to 1999, winter snow accounted  
for nearly 90 percent of the total annual snowpack, and snow rarely per-
sisted well into the spring season in the model simulations. As a result, the 
balance between changes in precipitation and evapotranspiration becomes 
more important in determining the resilience of these ecosystems to climate 
change. Like the Great Northern LCC, there is a wide range in the projec-
tions for future precipitation patterns across different models and RCPs. 
However, the projection for the Appalachian LCC from the ensemble aver-
age of all models is for modest increases in annual precipitation under RCP 
4.5 and slightly larger increases in annual precipitation under RCP 8.5.

The effect of the warmer winter temperatures and generally increasing 
precipitation is observable in the projected changes in winter runoff, with 
increases by 2070–2099 from 27 percent (RCP 4.5) to 43 percent (RCP 
8.5). Increases in runoff are also projected to be evident in the short term, 
with increases in the period from 2020 to 2049 averaging from 13 percent 
(RCP 4.5) to 18 percent (RCP 8.5). Corresponding with the increase in 
winter runoff and loss of the snowpack across the Appalachian LCC are 
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large reductions in runoff during the spring, and smaller but still mean- 
ingful reductions in summer runoff. Changes in spring runoff are pro- 
jected to exceed –22 percent under RCP 4.5 and –29 percent under RCP 
8.5 by 2070–2099, with reductions in annual spring runoff of approxi-
mately –10 percent by 2020–2049 under both RCPs (table 7-4b). Re- 
ductions in summer runoff are smaller but still noteworthy because they 
represent average changes, and year-to-year variability in minimum stream-
flows has important ecological consequences in Appalachian LCC ecosys-
tems. Unlike trends in other hydrologic indicators, summer streamflows 
exhibit the largest reductions during the period from 2020 to 2049, with 
average reductions ranging from –6 percent (RCP 4.5) to –5 percent 
(RCP 8.5), reflecting the larger projected increases in precipitation under  
RCP 8.5. 

With warmer temperatures and increased moisture, the TOPS-BGC 
model also projects increases in evapotranspiration across the Appalachian 
LCC in all seasons. Total annual changes in evapotranspiration by 2070–
2099 exceed 11 percent under RCP 4.5 and approach 15 percent under 
RCP 8.5 (table 7-4b). The largest increases occur during the fall and win-
ter seasons, when evapotranspiration has been low historically and limited 
by minimum temperatures that strongly control the current length of the 
growing season. However, summer evapotranspiration is also projected to 
increase moderately, with increases approaching 5 to 6 percent annually by 
2070–2100 under both RCP 4.5 and 8.5.

As in the Great Northern LCC, the TOPS-BGC model projects small 
changes in root zone soil moisture across the Appalachian LCC, with an-
nual changes in average soil moisture of approximately –2 percent in 2070–
2100 relative to 1970–1999 under both RCP 4.5 and 8.5 (table 7-4b). The 
only season with larger reductions in soil moisture is the spring, with de-
clines in average spring soil moisture of –5 percent (RCP 4.5) to –6 percent 
(RCP 8.5) by 2070–2099. The results indicate that soils in the root zone 
are able to at least partially offset changes in snowmelt patterns. However, 
in the Appalachian LCC, the overall trend in annual soil moisture is gradu-
ally but steadily negative, while both annual average runoff and evapotrans-
piration increase slightly, indicating that the net positive water balance for 
the Appalachian LCC is being driven by the projected increases in precipi-
tation. This highlights the importance of improving climate projections 
for precipitation in the region, because results for the Appalachian LCC 
are highly sensitive to future precipitation patterns and, specifically, the net 
balance between increases in runoff and evapotranspiration and changes in 
annual and seasonal precipitation.
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Annual vegetation productivity in the Appalachian LCC is projected 
to increase slightly in the short term under both RCP 4.5 and 8.5, with 
increases of 1.5 to 2 percent over the period from 2020 to 2049, relative to 
1970–1999 (table 7-4b). As with the changes in evapotranspiration, much 
of the increase in annual GPP is driven by increases in the winter and fall 
as the growing season is extended. As warming accelerates in the second 
half of the century, these increases are offset by growing declines in GPP in 
the spring and summer, resulting in no measurable change in annual GPP 
by 2070–2099 under RCP 4.5 and a net reduction in GPP of –4.5 percent 
under RCP 8.5. Similar to patterns in the Great Northern LCC, results for 
GPP in the Appalachian LCC also indicate a shift in the seasonal patterns 
in vegetation growth, with GPP in the spring and summer declining by –4 
percent (RCP 4.5) to as much as approximately –10 percent (RCP 8.5) by 
2070–2099.

Unlike the Great Northern LCC, spatial patterns in indicators of eco-
system processes in the Appalachian LCC are much more consistent across 
the LCC (fig. 7-2). In general, vegetation productivity exhibits modest in-
creases across the higher elevations associated with the Appalachian and 
Great Smoky Mountain ranges in the eastern half of the LCC, with small 
decreases in vegetation productivity predominant in the warmer, lower ele-
vations in the western half of the LCC. Figures 7-2c through 7-2f also indi-
cate regions where urban expansion and increasing impervious surface area 
are driving land use conversion, resulting in large but localized decreases 
in vegetation productivity. Close inspection of figure 7-2 also reveals that 
these areas of increasing impervious surface area are associated with larger 
increases in runoff, approaching increases of 20 to 25 percent annually by 
2070–2099. While these areas are not large enough to affect the results for 
the Appalachian LCC as a whole, they are likely to have important impacts 
at local scales, especially the projected increases in housing density and as-
sociated ISA in areas bordering the Shenandoah PACE to the northeast, 
and regions adjacent to the southeast border of the Delaware Water Gap 
PACE. 

Ecosystem responses for the pine-oak forest, calcareous forest, and oak 
woodland ecosystems that are prevalent within the Delaware Water Gap 
and Shenandoah PACEs follow very similar patterns to those for the Ap-
palachian LCC as a whole. Regions currently associated with cove forest 
and hemlock-hardwood ecosystems also follow the LCC responses for in-
creasing evapotranspiration and small declines in soil moisture. However, 
regions in which these ecosystems are dominant have larger projected in-
creases in annual GPP through 2100 under RCP 4.5 (2 to 3 percent), and 
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projected reductions in GPP through 2070–2100 are –2 percent, less than 
half of the projected declines in GPP for the LCC as a whole (table 7-5). 

In the Great Smoky Mountains PACE, regions associated with dry 
calcareous and mountain pine forests follow the overall Appalachian LCC 
patterns. However, areas of the Great Smoky Mountains PACE associated 
with Appalachian spruce-fir and northern hardwood forests exhibit a dif-
ferent response from the LCC as a whole (table 7-5). Projected changes in 
evapotranspiration are substantially larger under both RCPs, with maxi-
mum increases through 2070–2099 under RCP 8.5 reaching 17 percent 
for northern hardwood forests and 28 percent for Appalachian spruce-fir 
ecosystems. Annual runoff is projected to decline in these ecosystems by 
–5 to –8 percent over the period from 2020 to 2049 under both RCPs, 
with declines in annual runoff exceeding –8 percent by 2070–2099 under 
RCP 8.5. However, declines in summer runoff are projected to be less than 
the LCC as a whole and instead exhibit a net increase of 1 to 2 percent by 
2070–2099 under both RCPs. Instead of the declines in annual GPP for 
the LCC as a whole, with warmer temperatures and a favorable water bal-
ance, GPP for regions associated with both spruce-fir and northern hard-
wood forests is projected to increase throughout the rest of this century, 
increasing by 4 to 6 percent by 2070–2099 under both RCPs.

Implications for Ecosystem Vulnerability

The results from the modeling analysis conducted using TOPS-BGC were 
driven with the recently released projections of future changes in climate 
and land use, and they highlight the vulnerability of ecosystem processes 
in the Great Northern and Appalachian LCCs to these emerging changes 
(table 7-6). In the Great Northern LCC, the projected increases in tempera-
ture drive the most important aspects of vulnerability via changes in timing 
of snowmelt and runoff. In the Appalachian LCC, vulnerability to climate 
changes is driven by increases in temperature with associated increases in 
evapotranspiration and runoff, but the net effects are partly mitigated by 
increases in precipitation, resulting in a net positive water balance for much 
of the Appalachian LCC through 2050 and possibly beyond.

In the Great Northern LCC, the projected changes indicate an im-
portant shift in the seasonality of runoff and vegetation productivity. As 
the winter temperatures warm, the growing season lengthens and more 
precipitation falls as rain than snow. As a result, evapotranspiration, run-
off, and vegetation productivity all increase across the LCC in the fall and 
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Table 7-6.  Summary of key patterns and trends.

Indicator Key Trends and Patterns

Great Northern LCC

Temperature Models consistently predict increasing maximum and minimum tempera- 
 tures. Increase exceeds 5 degrees C (9 degrees F) by 2099 under RCP 8.5.
Precipitation Modest increases (6 to 16 percent) predicted by 2099 under the ensemble   
 average, with a range of prediction across different climate models.
Snow water  Large reductions in snowpack projected, even in near term (2020–2049)  
equivalent  under RCP 4.5. Important changes in timing of snow accumulation and 
 snowmelt.
Soil moisture Moderate but consistent declines in spring and summer soil moisture.  
 Soil moisture serves as a reservoir that buffers changes in timing of  
 snowmelt.
Evapotrans- Under ensemble average of climate models, projected declines in summer 
piration (ET) ET due to limited moisture availability and vegetation water stress.  
 Increases in all other seasons.
Runoff Spatially variable. Small overall changes in annual runoff but important  
 changes in timing of runoff. Large increases projected in fall and winter,  
 and important decreases in runoff during spring and summer seasons.
Vegetation  Spatially variable across gradients in elevation. Small changes in annual 
productivity  productivity but important changes in seasonal patterns. Projected  
 declines during summer due to vegetation water stress indicate  
 vulnerability to disturbance by wildfire, insects, and pathogens.

Appalachian LCC

Temperature Models consistently predict increasing maximum and minimum  
 temperatures. Increase exceeds 5.3 degrees C (9.5 degrees F) by 2099  
 under RCP 8.5.
Precipitation Modest increases (7 to 12 percent) by 2099 predicted by ensemble  
 average under RCP 8.5, but large range in projections across different  
 climate models.
Snow water  Large reductions in snowpack projected, exceeding 70 percent by 
equivalent  2070–2099 under RCP 4.5 and 90 percent under RCP 8.5. Appalachians  
 snow-free in most years by the end of this century.
Soil moisture Projected changes in soil moisture through the end of this century  
 are small, as long as precipitation meets or exceeds ensemble average  
 projections for precipitation. 
Evapotrans- Increases in all seasons, with larger relative increases in fall and winter. 
piration  
Runoff Small overall changes in annual runoff but important changes in  
 seasonality of runoff. Large increases in winter runoff are offset by   
 important decreases in runoff during spring and summer.
Vegetation Modest increases on annual basis through 2049 under both RCPs.  
productivity Under RCP 8.5, declines projected by 2070–2099, with  
 accelerating declines in summer productivity in the second half of  
 this century.  
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winter. However, large decreases in runoff and vegetation growth during 
the spring and summer, when peak vegetation growth normally occurs,  
largely offset these gains. Reductions in summer vegetation growth, in  
particular, are driven by concurrent increases in maximum temperature and 
reductions in water availability, which are associated with earlier melt of the 
snowpack and reductions in runoff during the spring and summer. 

This shift in seasonality, in turn, is likely to drive future changes in 
species composition within ecosystems that are not captured by the model. 
One limitation of the TOPS-BGC model is that it is parameterized at the 
biome level for major plant functional types and thus does not capture the 
dynamics associated with species movement and replacement within an 
ecosystem. TOPS-BGC also uses a fixed atmospheric carbon dioxide con-
centration and does not simulate stomatal response to increasing carbon 
dioxide levels and associated feedbacks to photosynthesis and plant water 
use efficiency that might favor C3 plant species in an ecosystem (Field, 
Jackson, and Mooney 1995). Despite the limitations of the model, sus-
tained decreases in GPP, especially during the peak of the growing season, 
are a strong indicator that the dominant vegetation types are susceptible to 
increased mortality and replacement by other species better adapted to the 
new climate conditions. Evidence that this is already occurring has been 
reported by Van Mantgem and Stephenson (2007), who documented sig-
nificant increases in mortality in forests across the western United States. 
Increasing outbreaks of bark beetles in forests in the Great Northern LCC 
(chaps. 10, 14, and 15) are also consistent with the projected declines in 
GPP, as the reductions in GPP are driven by increased plant water stress 
and reduced moisture availability in the summer. Plant water stress that 
is significant enough to reduce growth and vegetation productivity is also 
likely to increase vulnerability to attacks by bark beetles and other insects 
(e.g., Breshears et al. 2009). 

Our results suggest that as hydrologic patterns shift in response to 
climate change, forests in the Great Northern LCC will be increasingly 
vulnerable to summer water stress and associated increases in mortality. 
While declines in GPP may indicate higher ecosystem vulnerability to cli-
mate change, increases in GPP can also indicate risk for ecosystem change 
through species turnover and replacement. Higher projected GPP indi- 
cates not only that future conditions may be more favorable for the current 
biome type, but also that climate conditions are increasingly favorable for 
vegetation growth in general. This would potentially allow lower-elevation 
species that may previously have been excluded by minimum temperatures 
or persistence of the snowpack to expand upslope, displacing species that 
are currently present. Chapters 9 and 10 address this potential for key spe-
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cies in the Great Northern LCC to shift in range toward higher elevations 
or northward toward higher latitudes.

Another limitation of the TOPS-BGC model is that, at present, it does 
not dynamically adjust for fire or other disturbance events. Westerling et 
al. (2006, 2011) have shown that intervals will decrease across the Greater 
Yellowstone Ecosystem, increasing the frequency of wildfires. Our pro-
jected declines in summer GPP are highly consistent with this finding, as 
our model projects increasing moisture limitations on vegetation growth 
and associated increases in plant water stress during the summer fire sea-
son. The persistent patterns of declining summer GPP and runoff from the 
TOPS-BGC analysis may offer insights into the pattern of increasing fire 
risk in the future across the Great Northern LCC landscape. Large increases 
in fire frequency would also accelerate both reductions in GPP and conver-
sion of species and ecosystem types across the landscape. 

Finally, for the Great Northern LCC as whole, while total impervious 
area is projected to double, changes in land use and impervious surface area 
affect less than 0.3 percent of the LCC. As described in chapter 6, these 
changes have important consequences for habitat fragmentation and may 
add barriers to migration of key species. The consequences for ecosystem 
processes, however, are localized, and the impacts associated with changes 
in climate conditions across the LCC are much larger. 

 Over the next century, the projected changes in ecosystem processes 
in the Appalachian LCC are more moderate, especially when compared 
against the projected changes across the Great Northern LCC. They are 
also more consistent spatially across the Appalachian LCC, although some 
variation across elevations is observed, with future declines in runoff and 
GPP more prevalent at lower elevations across the western half of the LCC. 
By the end of this century, snow is projected to become increasingly rare 
across the Appalachian LCC, and a shift in the timing of runoff and veg-
etation growth is also projected to occur in Appalachian LCC ecosystems 
as temperatures warm. However, in the Appalachian LCC, increases in 
evapotranspiration driven by warming temperatures appear to be largely 
offset by increases in precipitation, resulting in relatively small changes in 
annual runoff and GPP. Unfortunately, projections of future precipitation 
patterns are associated with higher uncertainty and have a wider range of 
projections across different models. Our results suggest that trends in pre-
cipitation should be closely monitored across Appalachian LCC parks and 
ecosystems, as without increases in precipitation, the LCC’s ecosystems are 
much more likely to be vulnerable to accelerating reductions in soil mois-
ture, runoff, and vegetation productivity. 
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This modeling analysis, done at a monthly time step, does not pro-
vide direct insights into the potential for increases in peak flows and flood-
ing, which would require analysis of precipitation patterns at finer tempo-
ral scales. However, recent increases in the frequency of extreme weather 
events, and heavy precipitation events in particular, have been documented 
across the eastern United States (Melillo, Richmond, and Yohe 2014). Fu-
ture extreme events would be likely to occur on top of overall increases 
in average winter runoff, and thus the trends documented in our analysis 
would suggest an increasing level of vulnerability across the Appalachian 
LCC to increases in extreme precipitation events. 

As in the Great Northern LCC, our analysis does not capture changes 
in species composition or account for rates of invasion by nonnative spe-
cies. Work described in chapters 8 and 11 explores the vulnerability of 
Appalachian LCC ecosystems to shifts in species in ranges. The projected 
changes in runoff and vegetation productivity during the spring and sum-
mer months would clearly indicate a vulnerability to replacement of species 
that are currently dominant in the LCC with species that are better adapted 
to future climate conditions. It is possible that shifts in species composition 
and even biome types across the LCC will in part offset the projected trends 
in runoff and GPP, but they would be associated with the disruption of 
trophic webs and a range of ecosystem services.

Conclusion

We conducted the modeling analysis described in this chapter to explore 
the potential changes in key ecosystem indicators to future changes in cli-
mate and land use. Our analysis applied a widely used ecosystem model 
and used data sets that capture spatial variations in topography, soils, and 
biome types. Our results provide insights into the likely types of changes 
in ecosystem processes that can be expected across the Great Northern 
and Appalachian LCCs through the end of this century. Over the coming 
decades, predicted changes in evapotranspiration, snow water equivalent, 
runoff and vegetation productivity for many regions in both LCCs exceed 
10% in one or more seasons, even under RCP 4.5, suggesting important 
and observable changes in the seasonality of these processes. Sustained 
changes of this magnitude are consistent with increasing ecosystem vulner-
ability to insect outbreaks, wildfire, and invasive species, with correspond-
ing changes in species composition and a range of ecosystem services. As a 
result, it will be important to consider these potential changes in ecosystem 
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processes in establishing conservation targets and developing monitoring 
plans. It is our hope that the results described in this chapter will provide 
information that is useful for these planning efforts. 
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Forests in the eastern United States have a long history of change related 
to climate and land use. Eighteen thousand years ago, temperatures were 
considerably lower and glaciers covered much of the area where deciduous  
forests currently grow. As glaciers retreated and temperatures rose, tree spe-
cies advanced from southern areas (Delcourt and Delcourt 1988) and may 
also have dispersed from low-density populations near the edge of the Lau-
rentide ice sheet (McLachlan, Clark, and Manos 2005). A variety of other 
processes have also influenced the distribution of tree species. Derechos, 
tornadoes, and fires cause frequent, small- to intermediate-scale distur-
bances that are important influences on canopy structure and species com-
position, while larger disturbances, such as hurricanes, cause less frequent 
but more extensive changes (Dale et al. 2001). 

Regional- to continental-scale disturbances during the past several cen-
turies include extensive deforestation by European settlers (Cronon 1983; 
Houghton and Hackler 2001; Thompson et al. 2013) and invasive pests 
and pathogens, such as chestnut blight (Cryphonectria parasitica) and hem-
lock woolly adelgid (Adelges tsugae), that cause severe declines in popula-
tions of individual species. Many forests in the eastern United States are 
still recovering from postsettlement deforestation, often with altered spe-
cies composition (Bürgi, Russell, and Motzkin 2000). Fire suppression has 
changed the abundance and distribution of tree species across large areas 
(Nowacki and Abrams 2008). Drought has historically played a role in 
eastern US forests (e.g., a drought five thousand years ago affecting hem-
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lock distribution; Haas and McAndrews 2000) and may increasingly do 
so in the future—for example, it has been suggested that recent drought 
induced die-offs in the Southeast are indicative of future climate risks to 
forests as temperatures rise (Allen et al. 2010).

As a whole, these events have significantly altered the relative abun-
dance and geographic distribution of eastern tree species. The landscape we 
see today was formed by a combination of these processes, and the replace-
ment of forest with agricultural and residential land uses has resulted in 
widespread forest fragmentation (Riitters, Coulston, and Wickham 2012). 
Assessing how these forested landscapes might respond to climate change 
across the Appalachian Landscape Conservation Cooperative (Appalachian 
LCC) region, and across the large protected area centered ecosystems 
(PACEs) within it, is the primary goal of this chapter. Climate and land use 
change are projected to occur at unprecedented rates in the Appalachian 
LCC (chap. 5; US Environmental Protection Agency 2009). Land manag-
ers stand to benefit from plans that anticipate future conditions.

There are no recent analogs for the degree of climate warming expected 
for the twenty-first century. Therefore, much of our understanding of po-
tential climate change impacts on North American forests is derived from 
environmental models (table 8-1). Dynamic global vegetation models have 
been used for assessing broad vegetation response to climate change but are 
inadequate for assessing responses of individual species. Species distribu-
tion models were developed specifically for understanding species-environ-
ment relationships and are now widely used for assessing potential effects 
of climate change on species distributions (table 8-1; Prasad, Iverson, and 
Liaw 2006; Iverson et al. 2008; McKenney et al. 2011; Potter and Har-
grove 2013; Pederson et al. 2014). 

Species distribution models are statistical models of the relationship 
between species distributions and descriptors of environmental condi-
tions, such as temperature, precipitation, light regime, and soil properties 
(Franklin 2009). When used with gridded environmental data, predictive 
maps of species distributions can be generated. Species distribution models 
rely on the idea of the fundamental niche (where a species could exist), 
which hypothesizes that a species’ physiological requirements can only be 
met by particular combinations of environmental conditions. Additional 
limiting factors, such as competition, disturbance, and legacy populations, 
are known to influence the realized niche (where a species actually exists) 
(Hutchinson 1957). Although the limitations of species distribution mod-
els are well known—for example, they generally do not include biotic inter-
actions, population dynamics, dispersal, or evolutionary adaptation (Pear-
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son and Dawson 2003)—they remain a valuable tool for understanding 
first-order effects of climate change on tree species by identifying broad 
bioclimatic areas of the landscape within which finer-scale distributional 
changes are anticipated to occur (Jackson et al. 2009). 

Species distribution models can inform step two of the Climate-Smart 
Conservation framework, in which climate impacts and vulnerabilities are 
evaluated (chap. 2; Stein and Glick 2011). By estimating changes in climate 

Table 8-1.  Summary of studies assessing potential tree species or biome re-
sponse to climate change in the eastern United States. 

  Response   Spatial Primary 
Study Method Variable Extent Resolution  Findings

Iverson Random Species Eastern 20 km  Suitability loss for 
et al. (2008) forests importance North  species in spruce-fir 
  values America  and northern  
     hardwood forest types

McKenney  Bioclimatic Species North  Suitability loss for 
et al. (2011)  presence– America 10 km most species in eastern 
  absence   United States

Potter and  Ecoregion Species Global 2 km Suitability loss for 
Hargrove  matching presence–   most species in eastern 
(2013)   absence   United States

Gonzalez  Dynamic Biome Global 50 km Relatively high 
et al. (2010) global    confidence for 
 vegetation     northeastern biome 
 model    shift

Rehfeldt  Random Biome North 1 km Loss of eastern 
et al. (2012) forests  America (at subalpine forest and 
    equator) tundra, minimal change 
     in temperate deciduous  
     forest, stable boundary  
     between eastern temperate 
     deciduous forest and 
     deciduous and evergreen 
     forest



154  ecological consequences and vulnerabilities

suitability,  species  distribution  models  effectively  combine  climate  expo-
sure and species’  inherent sensitivity to climate change. The combination 
of these properties represents the potential impact of climate change. The 
adaptive capacity of a species can be incorporated to further evaluate vul-
nerability to climate change (chap. 11). 

Three groups have used species distribution models to model chang- 
ing climate suitability for eastern US tree species: Iverson et al. (2008), Mc- 
Kenney et al. (2011), and Potter and Hargrove (2013). The work by Iver-
son et al. (2008) is an important component of US Forest Service climate 
adaptation evaluation and reporting (Butler et al. 2015). In a comparison 
of results for thirty-five species common to the work of McKenney et al. 
(2011) and Iverson et  al.  (2008), Zolkos et  al.  (2015)  found  that more 
than 40 percent of species were projected to lose suitable habitat space in 
the Appalachian LCC (fig. 8-1). The studies agreed on eight of ten species 
projected  to  have  the  largest  magnitude  of  loss  of  suitable  habitat  space 
(table 8-2) under a high greenhouse gas emissions scenario, although they 
showed less agreement on the specific magnitude of change. Results from 
both  groups  were  in  agreement  that  suitable  habitat  would  increase  for 

Figure 8-1   Change in suitable 
habitat space (∆SHS) from spe-
cies distribution models aggre-
gated from two studies (Iverson 
et al. 2008 and McKenney et al. 
2011) and driven by six general 
circulation models assuming a 
high greenhouse gas emissions 
scenario. Values on the x-axis 
show ∆SHS by 2100 across the 
Appalachian LCC. ∆SHS was 
calculated by dividing SHS in 
2100 by historical SHS. Squares 
represent median ∆SHS. Values 
above one represent an increase 
in SHS, while values below one 
represent a decrease. Arrows 
indicate ∆SHS > 2, where * 
= max ∆SHS > 2; ** = max 
∆SHS > 10; and *** = max and 
median ∆SHS > 10. (Adapted 
from Zolkos et al. 2015.)
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hickories, oaks, and pines in the PACEs of the Appalachian LCC (Hansen 
et al. 2011). 

Both groups also agreed on the loss of suitable habitat in PACEs for 
many constituents of spruce-fir and northern hardwood forests. Potter and 
Hargrove (2013) projected rangewide loss of suitable habitat for many of 
those same species. The largest declines they reported were for table moun-
tain pine (Pinus pungens), silver maple (Acer saccharinum), American bass-
wood (Tilia americana), blackjack oak (Quercus marilandica), and Virginia 
pine (Pinus virginiana), with more than 50 percent suitable habitat space 
lost by 2050. 

Previous work has provided an important understanding of potential 
impacts of climate change at regional scales. However, the Appalachian 
LCC contains some of the most topographically complex terrain in the 
conterminous United States (Theobald et al. 2015), and much of the as-
sociated climate variability is averaged out at the scale of tens of miles (the 
resolution used in the above studies). Protected area managers need climate 

Table 8-2.  Ten tree species with highest projected loss of suitable habitat 
space in the Appalachian LCC ranked by Iverson et al. (2008) and McKen-
ney et al. (2011). 

Common Name i∆SHS (A1FI) Common Name m∆SHS (A2)

Mountain maplet 0.08 Balsam firt 0.07
Balsam firt 0.56 Red sprucet 0.18
Yellow bircht 0.58 Mountain maplet 0.27
Striped maplet 0.64 Table mountain pine 0.29
Eastern hemlockt 0.79 Quaking aspent 0.29
Sugar maple 0.8 Striped maplet 0.31
Quaking aspent 0.82 Yellow bircht 0.34
Red sprucet 0.87 Slash pine 0.34
American beech 0.93 Eastern hemlockt 0.36
Longleaf pinet 1 Longleaf pinet 0.42

Note: Tree names followed by s t are common to both rankings. Column values show aver-
age change in suitable habitat space (∆SHS) under high greenhouse gas emissions scenarios 
(A1FI for Iverson et al. 2008; A2 for McKenney et al. 2011). ∆SHS is calculated by dividing 
SHS in 2100 by current SHS. Values above one represent an increase in SHS; values below 
one represent a decrease. Values equal to one indicate no change.
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vulnerability assessments at spatial scales fine enough to resolve climate gra-
dients within protected areas (or PACEs) but over geographic domains 
large enough to provide a regional ecological and management context 
(Thrasher et al. 2013). Newly developed data sets make these types of as-
sessments possible, such as those featured in chapters 4, 5, and 7. Our anal-
ysis focuses on three PACEs containing four National Park Service units, 
thereby sampling a broad latitudinal gradient within the Appalachian LCC 
(chap. 1). 

After consultation with National Park Service managers and reviewing 
management documents and scientific literature, we identified forty tree 
species of potential management concern. We selected trees that are canopy 
dominants in many of the ecological systems within focal park units, trees 
that provide critical ecosystem functions (e.g., mast or deep shade), and 
trees that are relatively rare in the Appalachian LCC but which may become 
more common in the future. Here we present results of distribution mod-
els for these species at management-relevant scales. 

Study Areas

Although the tree species distribution models include all of the eastern 
United States east of the 100th meridian, for summarizing we focus on 
two geographic extents: (1) the entire Appalachian LCC, and (2) protected 
area centered ecosystems. We focus on PACEs centered on four park units: 
Great Smoky Mountains National Park, Shenandoah National Park, Dela-
ware Water Gap National Recreation Area (NRA), and Upper Delaware 
Scenic and Recreational River. The last two National Park Service units are 
both fully contained within the Delaware Water Gap PACE, thus resulting 
in a total of three PACEs considered in our analysis.

Forests in the eastern United States transition from longleaf-slash pine 
and loblolly-shortleaf pine in the south to oak-pine and oak-hickory in the 
central Appalachians, maple-beech-birch in the northern Appalachians, and 
spruce-fir forests in Maine. Because of steep elevation gradients and a broad 
latitudinal range, the Appalachian LCC contains a large number of the spe-
cies that make up these forest types. Most of the land in the Appalachian 
LCC (87 percent) is private with no use restrictions (US Geological Sur-
vey 2012). Four percent of the Appalachian LCC is under federal or state 
management for maintenance of natural processes and biodiversity, while 
an additional 8 percent is under federal or state management that allows 
multiple uses.
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Tree Species

We modeled the presence and absence of forty eastern tree species (table 
8-3). We selected a mix of common species, such as red maple (Acer ru-
brum), American beech (Fagus grandifolia), yellow birch (Betula alleghani-
ensis), white oak (Quercus alba), and eastern white pine (Pinus strobus), as 
well as other species that provide food resources or are associated with 
specific habitats of importance, such as black cherry (Prunus serotina), red 
spruce (Picea rubens), balsam fir (Abies balsamea), and eastern hemlock 
(Tsuga canadensis). Presence-absence observations were taken from over 
one hundred thousand US Forest Service Forest Inventory and Analysis 
plots surveyed in the eastern United States from 2000 to 2010 (fig. 8-2). 
Although our focus is on the Appalachian LCC and PACEs, we fit mod-
els using plots from across the eastern United States in order to capture 
a wider range of climate conditions for each tree species. For reporting, 

Figure 8-2   Species distribution model output for red spruce (Picea rubens)  
centered on Great Smoky Mountains National Park, shown in black outline. Darker 
gray pixels correspond to areas classified as suitable. Unoccupied Forest Inventory 
and Analysis (FIA) points are shown as white circles. Occupied FIA points are  
represented by black crosses. The outline of the Appalachian LCC is shown in  
transparent gray in the inset map.
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Table 8-3.  Tree species modeled in this chapter and associated forest 
groups.

Forest Group Tree Species Scientific Name

Spruce-fir balsam fir Abies balsamea
  red spruce Picea rubens
Northern pines eastern hemlock Tsuga canadensis
  eastern white pine Pinus strobus
Maple-beech-birch American basswood Tilia americana
  American beech Fagus grandifolia
  black cherry Prunus serotina
  red maple Acer rubrum
  sugar maple Acer saccharum
  white ash Fraxinus americana
Northern hardwoods mountain maple Acer spicatum
  quaking aspen Populus tremuloides
  striped maple Acer pensylvanicum
  yellow birch Betula alleghaniensis
Oak-hickory black oak Quercus velutina
  chestnut oak Quercus prinus
  northern red oak Quercus rubra
  pignut hickory Carya glabra
  shagbark hickory Carya ovata
  white oak Quercus alba
  yellow buckeye Aesculus flava
  yellow poplar  Liriodendron tulipifera
Elm-ash-cottonwood American elm Ulmus americana
  black walnut Juglans nigra
  silver maple Acer saccharinum
Central and  Fraser fir Abies fraseri 
mountain pines pitch pine Pinus rigida
  table mountain pine Pinus pungens
  Virginia pine Pinus virginiana
Loblolly-shortleaf pine loblolly pine Pinus taeda
  shortleaf pine Pinus echinata
Longleaf-slash pine longleaf pine Pinus palustris
  slash pine Pinus elliottii
Southern oak-hickory black hickory Carya texana
  blackjack oak Quercus marilandica
  mockernut hickory Carya alba
  post oak Quercus stellata
  red hickory Carya ovalis
  sweetgum  Liquidambar styraciflua
  winged elm Ulmus alata
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we grouped species by US Forest Service forest types (Ruefenacht et al. 
2008) with minor modifications based on conditions in the Appalachian 
LCC (table 8-3).

Environmental Predictors of Tree Species Distributions

Climate

We used publicly available Parameter-elevation Regressions on Indepen-
dent Slopes Model (PRISM) monthly climate normals (thirty-year aver-
ages of climate variables) for the 1981–2010 period (Daly et al. 2008) to 
represent contemporary climate conditions. We derived a set of nineteen 
bioclimatic variables (Hijmans et al. 2005) from the PRISM precipita-
tion, minimum temperature, and maximum temperature data, at 0.5-mile 
(800-meter) resolution. To represent heat accumulation throughout the 
year, we created an additional variable—growing degree days—derived us-
ing an algorithm for monthly data (Sork et al. 2010). 

To represent potential future climate conditions, we used ensemble 
means of thirty-three Coupled Model Intercomparison Project Phase 5 
(CMIP5) general circulation models for two representative concentration 
pathways (RCPs): 4.5 and 8.5 from the National Aeronautics and Space 
Administration (NASA) Earth Exchange Downscaled Climate Projections 
(NEX-DCP30) data set (Thrasher et al. 2013). RCP 4.5 is considered a rel-
atively low greenhouse gas emissions scenario, resulting in an atmospheric 
carbon dioxide concentration of 650 parts per million (PPM) by the year 
2100. RCP 8.5 is considered a high-emissions scenario and corresponds 
more closely to our current emissions trend, rising from the current 400 
PPM to 1,370 PPM by 2100. 

From these gridded projections, we calculated thirty-year averages 
of precipitation, minimum temperature, and maximum temperature. We  
bias-adjusted the resulting time series using the delta, or perturbation 
method, by adding global climate model–simulated changes from histori-
cal climate for every future month to the PRISM normals. We generated 
the same set of nineteen bioclimatic variables plus growing degree days 
from the bias-adjusted projections. We report results for the thirty-year 
period centered on 2055 because it is a management-relevant planning 
horizon and our results are less likely to be affected by no-analog climate 
conditions.
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Soils

Databases of soil chemical and structural properties can be used to derive 
indicator variables that relate to soil properties, such as nutrient and wa-
ter availability, that are important determinants of plant species distribu-
tions. Information on soil properties was derived from the State Soil Geo-
graphic Dataset (STATSGO) soils database and consisted of pH, percent 
sand, percent silt, percent clay, bulk density, depth to bedrock, and water-
holding capacity. Soil layers were extracted from a vector database of soil 
characteristics created by Miller and White (1998) and gridded to 886-
foot (270-meter) resolution before interpolating to 0.5-mile resolution to 
match the bioclimatic data.

Topographic Metrics

Topographic variability greatly influences the amount of light, heat, and 
water available for plant growth. We calculated two topographic metrics  
at ~100-foot (30-meter) resolution from the US Geological Survey Na- 
tional Elevation Dataset: topographically distributed solar radiation and  
topographic wetness. Solar radiation was calculated using the “insol” pack-
age (Corripio 2003) in “R” using the approach outlined in Pierce, Look-
ingbill, and Urban (2005), which uses hourly calculations of hillshading 
for a representative day in each month as a proxy for potential clear sky 
direct radiation received over the course of a year. A topographic wetness 
index was calculated as a function of the upstream contributing area of a 
pixel and the slope of that pixel. Higher index values correspond to areas 
likely to experience hydrologic flow accumulation, such as the lower por-
tions of stream courses. We interpolated and aggregated the ~100-foot 
layers to 0.5-mile resolution to match the climate data layers.

Tree Species Distribution Models

We used the “randomForest” R package (Liaw and Wiener 2002) to esti-
mate the probability of presence for each tree species individually as a func-
tion of the climate, soil, and topographic variables. For model evaluation 
and to identify probability thresholds corresponding to species presences, 
we fit models using a random sample of 80 percent of Forest Inventory and 
Analysis plots, reserving the remaining 20 percent for testing and thresh-
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old calculation. To avoid collinearity issues, we identified each temperature, 
precipitation, and soil variable with the highest spearman rank correlation 
with presence-absence observations. We then added the remaining vari-
ables to the model if they were uncorrelated (spearman rho < 0.7) with 
one another or with the variables with the highest spearman coefficient. 
Potential relative radiation and topographic wetness were allowed to be in 
all models because they are expected to provide additional information on 
fine-scale topographic variability. 

This set of variables was used to fit one model for each species. We  
then discarded variables that contributed relatively little to model per- 
formance and used the remaining subset to fit another model for each 
species. Model fit and performance were evaluated using sensitivity (the  
fraction of true presences classified as such), specificity (the fraction of  
true absences classified as such), the area under the receiver operating char-
acteristic curve (AUC), an indicator of how well models discriminate be-
tween presences and absences, and slope and intercept estimates derived 
from calibration plots, which show how well modeled prevalence cor- 
responds to observed prevalence. Generally, AUC values > 0.7 are con-
sidered “good.” Calibration plot slope coefficient values close to one in-
dicate good correspondence between modeled probabilities and observed 
prevalence. 

Our methods are most similar to those of Iverson et al. (2008) but 
differ in our use of tree species presence-absence as the response variable 
as well as in variable selection methods. The approach used by Potter and 
Hargrove (2013) consists of a priori delineation of ecoregions using soil, 
climate, and solar insolation variables. Tree species presences-absences are 
then matched to particular ecoregions. The approach used by McKenney et 
al. (2011) uses bioclimatic envelopes to describe the suitable climate space 
associated with particular species’ distributions. In addition, McKenney et 
al. (2011) included data for both the United States and Canada in their 
efforts.

For mapping and trend analysis, we fit models using all of the Forest 
Inventory and Analysis points to avoid potential bias related to using a sin-
gle subsample of the data. Behavior was similar between models using the 
80 percent subsample and the full set of plots, and the variables selected for 
each were identical, indicating that model evaluations using the 20 percent 
testing data set are reasonable indicators of the performance of the mod-
els using the full set of plots. NASA Earth Exchange computing resources 
were used to create potential relative radiation and bioclimatic variables as 
well as random forest models.
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Impact of Climate Change on Eastern Tree Species

Southern oak, hickory, and pine species, along with those in the elm-ash-
cottonwood forest type, were projected to have the largest net increase in 
suitability in the Appalachian LCC as well as in individual PACEs (fig. 8-3). 
Northern hardwoods, northern pines, and members of the maple-beech-
birch forest type were projected to have the largest decreases across the 
Appalachian LCC. High-elevation species with smaller areas of suitable 
habitat within PACEs, such as red spruce and balsam fir, were projected to 
have small absolute but large relative changes. Red spruce in Great Smoky 
Mountains National Park, for example, was projected to lose more than 
45 percent of its currently suitable habitat by 2055 under both emissions 
scenarios. 

In Delaware Water Gap NRA, yellow birch and silver maple, both in 
the northern hardwood group, were projected to lose the most suitable 
habitat, and gains were expected to be largest for elm-ash-cottonwood and 
oak-hickory species. This is in contrast to Great Smoky Mountains and 
Shenandoah national parks, where suitability gains were expected to be 
largest for southern oak-hickory species. Sugar maple was projected to have 
the greatest net loss of suitable habitat across the Appalachian LCC. Eastern 
hemlock, eastern white pine, and yellow birch were projected to have the 
highest local losses in individual PACEs. Eastern white pine and red maple 
were frequently in the top three species expected to lose suitable climate 
space within PACEs. 

Changes in suitability were predictably less extreme under the low 
greenhouse gas emissions scenario (RCP 4.5). Both net gains and net losses 
in suitability tended to be smaller than for the high-emissions scenario. This 
was true across all PACEs. In most cases, the direction of change across sce-
narios was the same, except for yellow poplar across the Appalachian LCC 
and black cherry in the Shenandoah PACE. The maximum temperature of 
the warmest month was most frequently selected as the most important 
variable. An index of topographic wetness, mean temperature of the wet-
test quarter, mean temperature of the driest quarter, and potential relative 
radiation were also selected multiple times. Temperature, either its mag-
nitude or variability, was disproportionately represented among the most 
important variables selected, making up ten of the thirteen climate variables 
chosen as most important for at least one species. Precipitation was infre-
quently chosen as the most important variable.

Based on AUC scores, most of the models were able to reliably differ-
entiate between species presences and absences (table 8-4; fig. 8-2). How-
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Figure 8-3   Net change in suitable climate space for forty eastern tree species 
across the Appalachian LCC grouped into ten forest types. Changes were calculated 
using a high representative concentration pathway (RCP 8.5) greenhouse gas emis-
sions scenario. Values on the x-axis show net change in suitable area for each species 
by the year 2055 normalized by area. Positive values indicate increases in suitable 
area. Negative values indicate decreases. Triangle markers show expected net change 
under low RCP emissions (RCP 4.5). Circle markers show the fraction of suitable 
habitat space for the historical period. Bar patterns indicate the Forest Inventory 
and Analysis forest type to which each species belongs: (a) Appalachian LCC; (b) 
Great Smoky Mountains National Park; (c) Shenandoah National Park; (d) Dela-
ware Water Gap National Recreation Area.

a)

c)

b)

d)
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Table 8-4.  Summaries of model performance.

   Training Testing    First 
Species AUC Threshold Presence Presence Intercept Slope Variable*

Balsam fir 0.97 0.224 8579 2190 0.031 0.929 gdd (–)
Fraser firt 0.67 0.002 12 5 0.003 -0.005 bio2 (–)
Red spruce 0.99 0.076 2543 660 0.043 0.911 bio5 (–)
Shortleaf pine 0.92 0.1 5439 1352 0.012 0.898 bio9 (+)
Slash pine 0.98 0.078 3003 808 0.028 0.888 bio8 (+)
Longleaf pinet 0.95 0.028 1741 477 -0.014 0.891 bio8 (+)
Table mountain pinet 0.89 0.002 108 27 0.005 -0.009 twi (–)
Pitch pine 0.95 0.016 768 206 -0.027 1.01 bio5 (–)
Eastern white pine 0.9 0.102 6623 1651 0.03 0.88 bio10 (–)
Loblolly pine 0.96 0.36 15391 3869 0.026 0.956 bio6 (+)
Virginia pine 0.95 0.066 3188 804 0.074 0.659 bio15 (–)
Eastern hemlock 0.93 0.102 4857 1195 0.027 0.829 bio5 (–)
Striped maplet 0.96 0.044 1834 524 0.017 0.818 bio5 (–)
Red maple 0.79 0.452 33042 8352 0.066 0.849 bio5 (–)
Silver maple 0.9 0.012 1184 308 -0.025 0.878 twi (+)
Sugar maple 0.89 0.25 14560 3613 0.029 0.898 bio5 (–)
Mountain maplet 0.94 0.01 796 208 0.063 0.475 bio1 (–)
Yellow buckeyet 0.95 0.01 522 139 0.031 0.276 twi (–)
Yellow birch 0.94 0.1 5685 1417 0.025 0.905 bio5 (–)
Pignut hickoryt 0.86 0.132 7683 1882 0.024 0.781 twi (–)
Shagbark hickoryt 0.89 0.086 4822 1166 0.023 0.698 bio10 (–)
Black hickory 0.97 0.054 2674 670 0.084 0.651 bio18 (–)
Mockernut hickory 0.84 0.13 8231 2050 0.219 0.001 bio9 (+)
Red hickoryt 0.92 0.002 60 9 0.004 -0.007 bio8 (–)
American beech 0.88 0.138 8435 2057 0 0.933 bio5 (–)
White ash 0.83 0.154 10183 2489 0.022 0.808 srad (–)
Black walnut 0.89 0.064 3922 966 0.116 0.297 bio4 (+)
Sweetgum 0.95 0.32 15680 3899 0.047 0.898 srad (+)
Yellow poplar 0.91 0.196 10601 2597 0.034 0.858 bio7 (–)
Quaking aspen 0.93 0.176 9348 2334 0.055 0.817 bio11 (–)
Black cherry 0.75 0.224 16388 4130 0.036 0.791 bio12 (+)
White oak 0.85 0.256 16362 4012 0.019 0.9 twi (–)
Blackjack oak 0.89 0.018 1800 450 -0.019 0.967 bio5 (+)
Chestnut oak 0.95 0.104 4760 1211 0.023 0.886 twi (–)
Northern red oak 0.82 0.21 13148 3193 0.044 0.784 bio5 (–)
Post oak 0.9 0.124 7491 1886 0.022 0.856 bio5 (+)
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ever, species with small ranges, such as Fraser fir (Abies fraseri) and table 
mountain pine did not have sufficient presence observations to yield well-
calibrated models, indicated by calibration plot slope coefficients close to 
zero.

Global climate models project between 2.7 and 5.2 degrees F (1.5 and 
2.9 degrees C) of warming across the PACEs of the Appalachian LCC by 
2055 and between 1.4 and 2.3 inches (36 and 58 millimeters) of precipita-
tion increase, depending on emissions scenario and PACE (chap. 5). Species 
distribution models for eastern tree species depicted a variety of responses 
(fig. 8-3) corresponding to a range of potential impacts from projected cli- 
mate change. The low- and high-emissions scenarios start to diverge mid-
century, which may explain the relatively small differences in potential 
impacts between scenarios assessed at 2055. After midcentury, tempera-
tures in the high-emissions scenario are expected to increase sharply, which 
would likely lead to more extreme projections of potential impact. 

Our results suggest that, by 2055 under a high-emissions scenario, 
climate conditions currently associated with southern oak-hickory forests 
will expand considerably across the Appalachian LCC, while those asso-

Table 8-4.  (Continued)

   Training Testing    First 
Species AUC Threshold Presence Presence Intercept Slope Variable*

Black oak 0.86 0.16 9654 2392 0.024 0.824 srad (–)
American basswood 0.85 0.064 5054 1239 0.018 0.803 srad (–)
Winged elm 0.93 0.144 6859 1746 0.073 0.699 bio9 (+)
American elm 0.82 0.13 11798 2974 0.054 0.755 bio8 (+)

Note: “AUC” gives the area under the receiver operating characteristic curve (models with values > 0.7 are 
considered “good”). “Threshold” is the probability of presence value used to distinguish presences and absences 
and was chosen to equalize sensitivity and specificity values. “Training Presence” is the number of plots in the 
training data set in which a species is present. “Testing Presence” is the number of plots in the testing data set in 
which a species is present. “Intercept” and “Slope” refer to regression coefficients derived from the calibration 
plot. “First Variable” gives the most important variable and direction of its influence determined by spearman 
correlation. Species names followed by a t are those for which the “all variables” model was used for reporting; 
otherwise, the most parsimonious set of variables was used.
* bio1 = annual mean temperature, bio2 = mean diurnal range, bio4 = temperature standard deviation, 
bio5 = maximum temperature of warmest month, bio6 = minimum temperature of coldest month, bio7 = 
temperature annual range,  bio8 = mean temperature of wettest quarter, bio9 = mean temperature of driest 
quarter, bio10 = mean temperature of warmest quarter, bio11 = mean temperature of coldest quarter, bio12 = 
annual precipitation,  bio15 = precipitation coefficient of variation, bio18 = precipitation of warmest quarter, 
twi = topographic wetness index, srad = potential relative radiation.
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ciated with species in northern hardwoods, maple-beech-birch, and high-
elevation spruce and pine forests will contract. This is in agreement with 
findings from Iverson et al. (2008) that conditions supporting oak-hickory 
forests could spread far north at the expense of maple-beech-birch forests. 
We project the largest relative increases for slash pine (Pinus elliottii) and 
black hickory (Carya tomentosa) and the largest relative decreases for bal-
sam fir, quaking aspen (Populus tremuloides), yellow birch, and red spruce, 
which again are similar to findings of Iverson et al. (2008). Trends for 
Great Smoky Mountains and Shenandoah national parks were more similar 
to those of the Appalachian LCC than trends in Delaware Water Gap NRA. 
This is likely due to larger projected temperature changes for more north-
erly latitudes. In addition, Delaware Water Gap NRA lies at the transition 
between oak-hickory and maple-beech-birch forest types, whereas Great 
Smoky Mountains and Shenandoah national parks are more central in the 
oak-hickory range.

Temperature drove many of the largest changes in suitability. Decreases 
in suitability, in particular, were projected for species with negative rela-
tionships with maximum temperature of the warmest month. A larger vari-
ety of variables were associated with species projected to see increasing suit-
ability. However, temperature was frequently in the set of the top five most 
important variables for the oak and hickory species that comprise most of 
these cases. Precipitation was relatively less important overall, showing up 
as the most important variable for only three species. These patterns give us 
additional confidence in our tree species distribution projections because 
general circulation models agree much more on magnitude and trend of 
temperature change than they do for precipitation. This is in contrast to the 
results of Iverson et al. (2008), who found growing season precipitation 
was the most important driving variable across 134 species. We did not 
conduct a comprehensive variable analysis as in Iverson et al. (2008), and 
there are important differences between our approaches, but the relative 
importance of temperature and precipitation on the distribution of east-
ern tree species is an important area for further investigation given these 
results and the drastic temperature increases projected by global circulation 
models. 

Because of the longevity of overstory trees (Runkle 2000; Busing 
2005), the effects of climate change on forest composition may not be ap-
parent until disturbance events provide opportunities for establishment of 
new species and release of advance regeneration. Drought-induced mortal-
ity is an important driver of change in stand composition and may increase 
in the future (Allen et al. 2010). As temperatures increase, trees will be 
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subject to greater evaporative demand from a warmer atmosphere. When 
combined with normal drought periods, this could increase mortality of 
sensitive species, allowing understory release in canopy gaps. Mortality 
events may be even larger if drought periods become more frequent or 
more severe, as has been both projected (Gao et al. 2012) and observed 
over the past few decades (Li et al. 2011). 

Fire and wind are additional abiotic disturbance agents that may play 
an increasingly important role in eastern forests if storm intensity increases 
or if droughts promote more severe fire activity. In areas with high poten-
tial impact from climate change, National Park Service managers may be 
faced with situations where community composition could change rapidly 
as canopy trees die, creating gaps exposed to prevailing climate conditions 
that may favor establishment or growth of different plant communities 
(Dale et al. 2001). While disturbance events in a changing climate may 
make it more difficult to maintain existing communities, they provide op-
portunities for managers to affect patterns of succession in ways that may 
help maintain ecosystem function.

Promising management applications of these models include moni-
toring areas of recent disturbance for early indicators of forest change as-
sociated with changing environmental conditions, especially in Delaware 
Water Gap NRA, where temperature increases in recent decades have been 
most rapid (chap. 5). In Great Smoky Mountains and Shenandoah national 
parks, where temperatures have not yet shown marked increases, these re-
sults may be most useful for generating management scenarios or identify-
ing areas that may be most resistant to change to help plan for projected 
temperature increases. 

For some species, these results may have direct management implica-
tions. For example, Eschtruth, Evans, and Battles (2013) showed a cli-
mate effect in which time to death for hemlock trees infested with hemlock 
woolly adelgid was considerably shorter when winter temperature in the 
previous year and summer drought in the current year were higher. Pro-
jected changes in hemlock suitability may be useful for identifying areas 
where hemlock occupies more climatically favorable positions and where it 
may be more likely to persist in the future. Targeting such areas for treat-
ment may be more effective in the long run than targeting hemlock in areas 
where they may be most impacted by climate change. Likewise, many east-
ern tree species are susceptible to forest pests, and a similar approach could 
be used to assess management or monitoring priorities based on projected 
changes in suitability that may make tree species more or less vulnerable to 
depredation (Fisichelli et al. 2014).
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These results may be improved by, and may help to improve, National 
Park Service science programs. Extensive inventory and monitoring data are 
available to help assess the performance of these models across the National 
Park Service system in the East. Furthermore, inventory and monitoring 
efforts may be combined with projections of habitat suitability change to 
identify sites where climate change impacts are most likely to be observed, 
helping such efforts to stay abreast of environmental change. Collabora-
tion with local management partners can significantly increase the value 
of modeling efforts and, when combined with detailed local knowledge, 
may lead to greater insights into the potential impacts of climate change on 
eastern US forests.

Climate has and will likely continue to exert strong influences on the 
composition and function of eastern forests. However, because most of the 
land in the Appalachian LCC is privately owned, land use change may have 
even larger effects on forests than climate change in the short term. East-
ern US forests are currently fragmented, and the least fragmented forests 
are primarily on public lands (Jantz and Goetz 2008), which are nonethe-
less threatened with isolation by development in surrounding private lands 
(Goetz, Jantz, and Jantz 2009). In addition to fragmentation, residential 
development increases the prevalence of invasive species (Gavier-Pizarro et 
al. 2010) and can transport some species outside their natural ranges (e.g., 
via landscaping; Hanberry and Hansen 2015). 

For species for which suitable climate space is expected to shift to 
higher elevations, National Park Service and US Forest Service lands in the 
southeast and central Appalachians, as well as state game lands and state 
parks in Pennsylvania and New York, could become more important as res-
ervoirs of species diversity and ecosystem function. For species losing low-
elevation suitable climate space, fragmentation on private lands could be a 
significant barrier to dispersal (chap. 11).

Although most of our models were reasonably well calibrated and 
showed good discriminatory ability, a few were poorly calibrated and were 
therefore less reliable for assessing continuous changes in suitability. These 
species generally had low prevalence in the Forest Inventory and Analy-
sis database. Scale mismatches between the Forest Inventory and Analysis  
plot observations and gridded climate data introduce additional uncer-
tainty into the models. Trees in Forest Inventory and Analysis plots re-
spond to microclimates that are not well captured by interpolated me-
teorological data. This may have caused underestimation of climatically 
suitable areas associated with topographic or hydrologic features such 
as mountain streams (Fridley 2009), especially for species with more re-
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stricted ranges (Franklin et al. 2013). In addition, the precision of Forest 
Inventory and Analysis plot coordinates is degraded to protect landowner  
identity, and in some cases plot coordinates are swapped. The effect of 
plot coordinate precision on species distribution model outputs was rela- 
tively minor in an analysis of western tree species (Gibson et al. 2013), but 
the potential effects of imprecise coordinates bear further investigation.

We did not include the effects of errors in weather station interpola-
tions in our analysis. This is another area where additional work could re-
duce uncertainty in tree-climate associations. Although artifacts have been 
observed in PRISM interpolated products (Beier et al. 2012), they do not 
appear to vary systematically with geographic factors (e.g., elevation, dis-
tance to coasts) in the Northeast (Bishop and Beier 2013).

Conclusion

Our analysis assessed potential impacts of climate change on eastern tree 
species, generating results that we believe are reasonable and relevant for 
management because of a combination of previously unavailable high-res-
olution downscaled climate data sets from NEX-DCP30, a densely sampled 
Forest Inventory and Analysis database of field presence-absence observa-
tions, and machine learning algorithms of species range distributions that 
are robust under a range of conditions. We recognize that the actual in-
fluence of climate change on tree species is considerably more difficult to 
assess for any given location because it depends on a variety of interacting 
processes, including dispersal, disturbance, fragmentation, competition, 
and pest-host-climate relationships, among others. We include basic infor-
mation on dispersal probability, fragmentation, and forest pests in chapter 
11 in order to provide informative rankings of relative vulnerability to cli-
mate change across species that can further inform management priorities 
and decisions.
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If one stands on a peak on the eastern side of the Northern Rocky Moun-
tains on a clear day and gazes across the surrounding landscape, striking 
patterns of vegetation are apparent. From valley bottoms to ridgetops, 
vegetation grades from grassland and shrublands to open savannas, from 
dense tall forest to scattered clumps of krumholtz trees in the alpine above 
the pronounced treeline (fig. 9-1). These recurrent patterns of climatically 
zoned vegetation suggest that plants are a logical starting point for under-
standing biodiversity response to climate change. Plants, once established, 
are sessile and unable to move to more favorable locations and thus are 
strongly limited by the local climate. The predictable variation in climate 
with elevation explains this striking pattern of vegetation in the Rockies. 
To the extent that climate changes in the future, vegetation is expected to 
change in establishment, growth, and death rates, in canopy structure, and 
in the distributions of species and thus to show major shifts upward in 
elevational distribution.

Vegetation patterns also differ predictably west and east of the Con-
tinental Divide. While most of the Great Northern Landscape Conserva-
tion Cooperative (Great Northern LCC) region (chap. 1) has a cold, con-
tinental climate, portions of the west slope of the Rockies have a warmer, 
moister climate due to the Pacific maritime influence. Tree species that 
dominate the Coast and Cascade ranges, such as western hemlock (Tsuga 
heterophylla), mountain hemlock (Tsuga mertensiana), and western redcedar 
(Thuja plicata), are abundant in the maritime-influenced zones in north-
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western Montana. Under climate warming, areas east of the Continental 
Divide may become suitable for these maritime species if moisture levels 
become high enough.

Such changes in vegetation particularly interest managers both because 
individual plant species are valued in their own right and because vege-
tation provides critical habitat to other species and influences ecosystem 
properties, such as snow retention, runoff, soil fertility, and fire regimes. 
This is especially true in the Rocky Mountains because the relatively few 
tree species tend to dominate the major habitat types. Thus, studies of veg-
etation response to climate change represent both fine-filter analyses of in-
dividual plant species and coarse-filter analyses relevant to other species and 
ecosystem processes (Hunter, Jacobson, and Webb 1988).

Climate in the northern Rockies has varied substantially with decades 
of cool and wet followed by periods of warm and dry (chap. 4). Natural dis-
turbances, such as fire and tree demography, have responded to the climate 
variability with, for example, local shifts in the locations of lower and upper 
treeline. A signal of human-induced warming may have emerged in the 
climate record in the 1980s, and the projected climate trajectory is toward 
substantial warming. Although precipitation is projected to also increase, 

Figure 9-1   The Beartooth Front in Montana illustrates the typical vegetation 
patterns from valley bottoms to mountaintops in the eastern Rocky Mountains. 
(Photo by Andrew J. Hansen.)
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the rise in evapotranspiration associated with the warming is projected to 
lead to less moisture available to plants (chaps. 4 and 7). These changes in 
climate are projected to result in reduced snowpack and earlier snowmelt 
(chap. 7). Consequently, growing conditions for plant species will likely 
improve in spring as a result of earlier release from snow and increased soil 
moisture from snowmelt, but will decline in late summer due to dry soils.

Understanding forest response to climate change within local and re-
gional management jurisdictions is vital to designing locally relevant strate-
gies to cope with pending changes. Resource managers can best plan, ori-
ent research, and manage if they are able to anticipate which species and 
ecosystems are most vulnerable to possible future change (Colwell et al. 
2012; Stein et al. 2014). Patterns of vulnerability likely vary geographically 
across the topographically complex northern Rockies. Thus, there is a need 
to conduct vulnerability assessments both within local management juris-
dictions and across the region as a whole. 

Fortunately, several studies of vegetation response to climate change 
have been completed across western North America and provide a basis for 
vulnerability assessment in the Great Northern LCC based on published 
studies. Most of these studies use an approach called bioclimate envelope 
modeling. This approach quantifies the climate conditions where a species 
is currently present and projects the locations of these climate conditions 
under future scenarios (Huntley et al. 1995; Pearson and Dawson 2003; 
Guisan and Thuiller 2005) (see also chaps. 8 and 10). This approach de-
scribes the conditions under which populations of a species persist in the 
presence of other biota as well as climatic constraints. Possible future dis-
tributions are projected on the assumption that current envelopes reflect 
species’ environmental preferences, which will be retained under climate 
change. While this approach does not necessarily predict where a species 
will occur in the future (Pearson and Dawson 2003), it does project one 
foundational filter of where a species could exist in the future: climate suit-
ability (Serra-Diaz et al. 2014).

The results of bioclimate envelope studies are very useful to resource 
managers for identifying which species may be most vulnerable to climate 
change and for developing management strategies for these species (Han-
sen and Phillips 2015). Whereas managers cannot manipulate climate over 
large landscapes, they can manipulate many of the other factors that influ-
ence plant population viability, including establishment, genetic composi-
tion, interactions with other species, and disturbances. Thus, knowledge of 
climate suitability is a critical first filter for deciding where to use manage-
ment actions to protect, restore, or establish tree populations under cli-
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mate change. Species identified as vulnerable based on climate suitability 
are candidates for the additional research used in vulnerability assessment 
(Dawson et al. 2011), which typically are more expensive and have higher 
uncertainty than climate suitability analyses. 

In this chapter, we summarize the results of our vulnerability assess-
ment of vegetation response to climate change in the northern Rockies 
(Hansen and Phillips 2015). We drew on five published studies of tree spe-
cies and biome response to climate change. Biomes are broad-scale patterns 
of vegetation reflecting climate, soils, and disturbance regimes. They are 
defined by plant life form and are relevant to management in providing 
guidance on changes in the distribution of grasslands, shrublands, and for-
est. We first briefly describe the methods used in the analysis, highlight 
key results, and draw implications for management in the Great Northern 
LCC and the two major national parks and surrounding ecosystems: Yel-
lowstone and Glacier. 

Climate Suitability Models of Tree Species and Biomes

The studies used in this synthesis were Crookston et al. (2010), Coops and 
Waring (2011), Gray and Hamann (2013), and Bell et al. (2014), who 
modeled climate suitability for tree species, and Rehfeldt et al. (2012), who 
modeled biome climate suitability. These studies differed to some extent in 
the climate scenarios projected, the global climate models used as a basis 
for the projections, and the statistical methods linking vegetation to cli-
mate. The influence of these differences among studies on their vegeta-
tion projections are fully evaluated in Hansen and Phillips (2015). In this 
chapter, we focus on the consensus results of these studies to present the 
major findings. We present the results for the Intergovernmental Panel on 
Climate Change (IPCC) Special Report on Emissions Scenarios (SRES) 
A2 scenario (higher warming) and point out where the results from the B1 
scenario (lower warming) differ. These IPCC SRES scenarios are the IPCC 
2000 and 2007 precursors to the current IPCC Coupled Model Intercom-
parison Project Phase 5 representative concentration pathway (RCP) 8.5 
and 4.5 scenarios.

Using data from each study, we mapped locations projected to have 
suitable climate for a species in a historic reference period (within 1961–
2010) and in the 2070–2100 period and identified locations where climate 
suitability during the reference period was retained versus lost in the future 
period. We then summarized the aerial extent of suitable climate during 
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the reference period, loss of reference-period suitable climate in the future 
period, and gain in suitable climate in the future period. For newly suitable 
habitats, we distinguished between those near enough to currently suit- 
able habitats to have some probability of colonization by 2100 (within 18.6 
miles, or 30 kilometers) from those more distant from potential source ar-
eas. These summaries were done separately for each tree species or biome 
type, geographic unit, climate scenario, and study.

We assessed components of vulnerability based on climate suitability. 
Vulnerability has been defined as a function of exposure (the magnitude of 
change experienced), sensitivity (the degree to which that change impacts 
the system), and adaptive capacity (the ability to respond or cope with the 
change) (chap. 2). Bioclimate envelope approaches consider exposure (cli-
mate change) and sensitivity (species’ tolerances to climate in the presence 
of other species) and project the potential impact of climate change on the 
locations of suitable climate for a species. Thus, we evaluate vulnerability 
based on potential impact, which is an objective output of the statistical 
models. However, we do not consider adaptive capacity, which typically 
is derived based on expert opinion. Potential impact was assessed based 
on the criteria and cardinal rank scoring. This resulted in summary scores 
for the Great Northern LCC that ranged from a minimum of –1.5 (low 
impact) to a high of 6.5 (high impact); scores between 1.5 and 4.5 are 
considered moderate impact. 

Projected Shifts in Vegetation under Climate Change 

Climate suitability for biome types shifted substantially between the pro-
jected reference and late-century periods (fig. 9-2). Across the Great North-
ern LCC, the eastern alpine tundra, Rocky Mountain subalpine conifer, 
Rocky Mountain montane conifer, and Great Basin shrub-grassland types 
that dominate during the reference period declined in suitable area through-
out the century. The subalpine and montane conifer types were projected 
to be largely replaced in climate suitability by the nonforest types of Great 
Basin montane scrub, Great Basin desert scrub, Plains grassland, and Great 
Basin conifer woodland. The projected biome shifts in Greater Yellowstone 
were more extreme than for the Great Northern LCC, with conifer forest 
types dropping from 82 percent of the area to 26 percent and scrub types 
increasing from 0 to 48 percent of the area. The Glacier protected area cen-
tered ecosystem (PACE) was projected to shift in climate suitability from 
subalpine conifer to interior cedar-hemlock conifer; Northeast deciduous, 
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which includes quaking aspen (Populus tremuloides); and Great Basin mon-
tane scrub.

All four studies of tree species projected substantial declines in climate 
suitability for subalpine tree species across the Northern Rocky Mountains. 
Averaging among the studies, the proportion of the study area with suit-
able climate for whitebark pine (Pinus albicaulis) dropped to 8.8 percent by 
2070–2100 under the B1 scenario and to 11 percent under the A2 scenario 
(fig. 9-3). Remaining suitable climate area by 2100 for Engelmann spruce 
(Picea engelmannii), subalpine fir (Abies lasiocarpa), and lodgepole pine 
(Pinus contorta) was 18 to 25 percent under B1 and 16 to 25 percent under 
A2. Among the montane species—ponderosa pine (Pinus ponderosa) and 
grand fir (Abies grandis)—climate-suitable areas were projected to increase 
substantially. The studies disagreed on Douglas-fir (Pseudotsuga menziesii), 
with some studies projecting expansion and others contraction. Among the 
tree species now found in the more mesic Rocky Mountain west slope, 
mountain hemlock was projected to decrease dramatically under both cli-
mate scenarios while western redcedar and western hemlock were projected 
to increase moderately.

The spatial patterns of change in climate suitability revealed projected 
locations for decline and expansion for the late-century period. For the sub-

Figure 9-2   Projected shift in biome climate suitability for the Great Northern 
LCC under consensus of the A2 and B1 scenarios and three global circulation mod-
els represented by proportion of the study area. (From Hansen and Phillips 2015.)
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alpine species, climate suitability contracted substantially from the refer-
ence period to the future period and newly suitable areas were at higher 
elevations (fig. 9-4). This resulted in major reductions in total area of suit-
able climate because of the lack of land area on mountaintops in our study 
area. Montane species generally expanded from mid-elevations to adjacent 
higher elevations that are currently occupied by subalpine species. Climate 
suitability for grand fir, western larch, and ponderosa pine, however, ex-
panded in some locations east of the Continental Divide, where they had 
little suitable habitat in the reference period. Suitable climates for the mesic 
species were projected by Coops and Waring (2011) to expand from their 
current westside locations to tens to a few hundreds of miles eastward; 
however, Crookston et al. (2010) and Gray and Hamann (2013) projected 
no such shifts to eastside locations. Importantly, both Coops and Waring 
(2011) and Crookston et al. (2010) project substantial contraction of suit-
able climate area for mountain hemlock in the western portion of the study 
area where the species is currently present. 

Based on the cardinal ranking of the potential impact scores, whitebark 
pine was most vulnerable to climate change by a wide margin (fig. 9-5). 

Figure 9-3   Projected change in the proportion of the Great Northern LCC with 
suitable climate for each tree species averaging the results of the four studies consid-
ered in Hansen and Phillips (2015) under the B1 and A2 climate scenarios. 
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Figure 9-4   Change in modeled spatial distribution of climate-suitable areas 
across the reference and three future time periods under the B1 and A2 climate sce-
narios based on the consensus results for the studies in Hansen and Phillips (2015). 
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Being restricted to  the coldest portions of  the subalpine,  it has relatively 
little area of suitable habitat currently and was projected to undergo sub-
stantial declines in suitable habitat, with little new habitat becoming avail-
able. Mountain hemlock had the second highest vulnerability score, largely 
as a result of its very small area of currently suitable habitat and substantial 
projected  losses  of  suitable  habitat.  The  other  subalpine  species  (Engel-
mann  spruce,  subalpine  fir,  and  lodgepole  pine)  were  also  placed  in  the 
High vulnerability class because of the  large decline  in projected suitable 
area and low gain in newly suitable areas. Western hemlock, western red-
cedar, western larch, and Douglas-fir were considered moderate in vulner-
ability. Ponderosa pine and grand fir were projected to gain substantially in 
the area of suitable habitat and were considered low in vulnerability. Level 
of agreement among the studies was relatively high for the most vulnerable 
and least vulnerable species. The lower level of agreement among studies 
for species ranked moderate in vulnerability suggests that more research is 
needed on these species (chap. 10).

Among the species currently present in the Greater Yellowstone PACE 
and the Glacier PACE, the order of vulnerability ranking under the A2 cli-
mate scenario was similar to that of the Great Northern LCC, with white-
bark pine having the highest vulnerability score and Douglas-fir low scores. 
The score for mountain hemlock in Glacier was nearly as high as whitebark 

Figure 9-5   Results of vulnerability assessment ranking averaged among studies 
under the A2 scenario. (From Hansen and Phillips 2015.)  
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pine, just as was the case for the Great Northern LCC. The order of vulner-
ability rankings under the B1 climate scenario were similar to those under 
A2, but the values were lower than under A2 due to the less extreme cli-
mate projections.

Ecological Consequences of Projected Shifts  
in Climate Suitability

Despite differences in methods among these studies, there was a high level 
of agreement in terms of dramatic shifts in projected climate suitability in 
vegetation. The biome analysis and the tree species projections under the 
higher and lower climate change scenarios suggested substantial reductions 
in the area of forests across the northern Rockies. Tree species currently in 
the region are projected to contract in suitable area, and no species from 
outside the region are projected to gain climate suitability in the region 
(Crookston et al. 2010). Rehfeldt et al. (2012) suggested the replacement 
of conifer forests by desert shrub and grassland life-form types. 

Such changes in life-form, if realized, would have large implications for 
evapotranspiration, snowpack, runoff, and habitat for other species. Within 
the Greater Yellowstone Ecosystem, for example, the area projected to be 
suitable for the open sage and juniper habitat type expands from 41 percent 
currently to 71 percent during 2070–2090 while the area of closed forest 
types declines from 41 percent to 19 percent (based on Piekielek, Hansen, 
and Chang 2015; also see chap. 10). This change would be expected to re-
duce snowpack substantially, increase late summer soil drying, and reduce 
runoff in rivers and streams.

For the areas that remain suitable for forests, composition of tree spe-
cies is projected to shift, with suitable climates for subalpine species largely 
moving off the mountain tops and with montane species conditions ex-
panding in the subalpine. Some tree species now largely on the west slope 
of the Rockies, such as grand fir and ponderosa pine, are projected to have 
suitable conditions east of the Continental Divide. Actual dispersal and es-
tablishment of these species in the newly suitable habitat, however, would 
likely take several decades. 

The ranking of vulnerability among tree species was very similar among 
studies and among climate change scenarios. Whitebark pine was ranked 
most vulnerable across the northern Rockies and within the Glacier and 
Yellowstone PACEs. More recent climate suitability modeling in the Yel-
lowstone PACE (Chang, Hansen, and Piekielek 2014) projected 71 to 98 
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percent reductions in suitable area by 2100 under RCP 4.5 (similar to B1) 
and 90 to 99 percent loss under RCP 8.5, with the variation due to differ-
ences among climate models. Adaptive capacity of this species is thought to 
be relatively low because dispersal is fairly limited, the species is often out-
competed by other subalpine conifers, and the species is highly susceptible 
to mountain bark beetles and the exotic white pine blister rust. Motiva-
tion to retain whitebark pine and other conifers in the Greater Yellowstone 
Ecosystem is high because shifts in climate suitability away from conifer 
communities and toward desert scrub communities would likely have large 
negative impacts on snowpack, runoff, wildlife, and aesthetics.

Implications for Research and Management 

Several authors (summarized by McKinney et al. 2011) have emphasized 
that the extent to which individual tree species will actually shift through 
natural processes interacting with climate change is highly uncertain and 
involves complex interacting factors, such as edaphic and land use con-
siderations, dispersal ability, genetic controls, carbon dioxide fertilization 
effects, disturbance patterns, and competitive, predatory, and mutualistic 
relationships among species. Consequently, efforts to assess species vulner-
ability under climate change have used an expanding list of predictors be-
yond climate suitability. These include demographic, life history, genetic, 
and habitat dynamics factors for past, current, and future periods (Pearson 
et al. 2014; Iverson et al. 2012; Aubry et al. 2011). Future work should 
consider these factors beyond potential impact in assessing vulnerability 
and evaluating management strategies.

The analyses summarized here focused on climate suitability as a first-
order predictor of climate vulnerability because of its ecological and man-
agement relevance. There is a wealth of evidence that plant species have 
specific tolerances to climate and that their distributions reflect these toler-
ances. Thus, strong inference can be drawn that (1) viable populations of 
a tree species are unlikely to develop or persist where climate is unsuitable, 
(2) existing populations are likely to decline if climate becomes unsuitable, 
and (3) locations of newly suitable climate may be able to support future 
viable populations if several other ecological conditions are met. These in-
ferences are highly relevant to management. Although managers cannot 
manipulate climate over large landscapes, they can manipulate many of the 
other factors that influence tree population viability, including seedling 
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establishment, genetic composition, interactions with other species (e.g., 
completion, parasitism, and disease), and disturbances (e.g., fire). 

In other words, knowledge of climate suitability is a critical filter for 
deciding where to use management actions to protect, restore, or establish 
tree populations under climate change. Accordingly, Dawson et al. (2011) 
suggested that climate suitability analysis is an important initial step in 
integrated science assessment of biodiversity under climate change, with 
complementary approaches that include the use of paleoecological records, 
ecophysiological and population models, and experimental manipulations. 
Accordingly, species that were ranked high in this study in potential impact 
based on climate envelope modeling are candidates for the additional steps 
that are often more expensive and sometimes subject to higher levels of 
uncertainty.

Management strategies for species deemed high priorities for man-
agement can be stratified geographically based on the locations of current 
and projected suitable habitats. Locations where populations are currently 
present and habitat is projected to remain suitable in the future (known as 
core habitats) are obviously of high importance, and management strate-
gies should be aimed at maintaining populations in these locations. These 
strategies might include suppression of fire or other disturbances that could 
destroy the target tree population, or the use of prescribed fire aimed at 
maintaining the current population. Within locations projected to become 
suitable in the future, strategies to facilitate natural colonization on the 
leading edge of habitat suitability may allow populations to better track 
changing conditions. Similarly, assisted migration is feasible for newly suit-
able habitats that are more distant from current populations. 

Within locations where populations are present but habitat is projected 
to become unsuitable, research beyond climate envelope modeling may re-
veal mechanisms of population viability (Hansen et al., in Review). These 
are defined as story lines of ecological interactions or geographic settings 
where some individuals are able to establish, survive, and reproduce at ad-
equate levels to prevent local population extinction. Developing and evalu-
ating hypotheses on such mechanisms may identify management strategies 
that can enhance natural mechanisms and elevate the probability of popula-
tion persistence despite deteriorating climate conditions. Examples of addi-
tional management strategies of each of these types can be found in Heller 
and Zavaleta (2009), and examples of coordinated management strategies 
for maintenance and restoration of whitebark pine can be found in GYCC 
(2011), McLane and Aitken (2012), and chapters 10 and 15. 
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A substantial challenge to managing wildlands under climate change 
relates to issues of land allocation. The tree species and biome types most 
vulnerable to climate change currently occur in land allocation types where 
active management may be considered inappropriate or even illegal. Our 
northern Rockies study area includes unprotected private lands, private 
lands protected by conservation easements, federal general-use lands (e.g., 
multiple-use national forest lands and Bureau of Land Management lands), 
and federal protected lands, such as national parks, wilderness areas, and 
roadless areas. Suitable habitats for subalpine tree species in the study area 
lie primarily on the two classes of federal lands. 

Under the climate change scenarios, suitable habitats for these species 
increasingly shift to federal protected lands where enabling legislation (e.g., 
the Wilderness Act) or current policy dissuades active management. It is 
important to point out, however, that many of the activities recommended 
for climate adaptation planning (chap. 2) are appropriate across each of the 
land allocation types. Research can be used to project potential future re-
sponse to climate change and reduce uncertainty. Monitoring in fast-chang-
ing places provides information on actual rates of change and ecological 
response to this change. Vulnerability assessments can reveal which species 
or ecosystems are most at risk, where these are located, and why they are 
at risk. Education programs for natural resource staff and the public can 
help in understanding the issues and formulating effective policy. Agency 
planning documents can incorporate consideration of climate change in 
order to mitigate undesirable climate change impacts on projects. Passive 
management such as allowing fires to burn can sometimes favor species 
vulnerable to climate change. 

Finally, a variety of types of active management are being developed 
and evaluated aimed at protecting existing populations until newly suit-
able habitats develop, facilitating natural establishment in newly suitable 
habitats, and assisting migration to suitable habitats. While the debate 
over active management in wildlands facing climate change will continue, 
it should be noted that research, monitoring, education, vulnerability as-
sessment, and passive management are all viable options for managers of 
restricted federal lands.

We close by noting that beyond the northern Rockies study area, the 
methods described in this chapter can be applied in other geographic loca-
tions to conduct vulnerability assessments based on climate suitability. See 
chapter 8 for a companion study in the Appalachian Mountains. The results 
of such assessments can help managers prioritize species for more detailed 
research and climate adaptation planning.
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Conclusion

The dramatic patterns of vegetation life forms and species across the com-
plex landscapes of the Rocky Mountains reflect the strong climate gradi-
ents of the region. Our synthesis of five previous studies of vegetation re-
sponse to climate change across western North America reveals high levels 
of agreement among the studies in projected declines in climate suitability 
for forested areas, especially subalpine forests, and expansion for desert 
scrub and grassland communities. Among the tree species analyzed, white-
bark pine ranked highest in vulnerability to climate change across the Great 
Northern LCC and within the Glacier and Yellowstone PACEs. While 
these projected changes in climate suitability for vegetation will challenge 
natural resource managers, they also provide a basis for prioritizing man-
agement activities. Protection, restoration, and translocation actions can be 
stratified across planning areas based on projected climate suitability, with 
the goals of maintaining a species where climate is likely to remain suitable 
and establishing a species in places where climate is expected to become 
suitable. Chapters 10 and 14 provide more detailed looks at such climate-
based management approaches. 
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The Greater Yellowstone Ecosystem (GYE) poses distinct environmental 
challenges to plant life. From lower elevations that routinely experience 
prolonged dry periods during warm summer months to higher elevations 
that are often covered in snow and below freezing for more than half of 
the year, plant growth is severely limited by climate in different ways across 
the GYE. As a result, many plant species found here are survivors—that is, 
they are better adapted to survive the poor growing conditions in their part 
of the ecosystem than are other species. This is reflected in distinct vegeta-
tion communities that change across zones of elevation along with climate, 
from generally hot and dry conditions at lower elevations to cold and wet 
conditions at higher elevations (chap. 4). 

The influence of climate on vegetation is reflected in the ebb and flow 
of boundaries separating vegetation communities, as climate changed 
through paleologic time. Climate also interacts with other landscape pro-
cesses, such as soil conditions, natural disturbance, dispersal and estab-
lishment, and human management, to determine vegetation community 
membership and persistence. It is our understanding of how climate shapes 
current vegetation communities, as well as the evidence in the paleologic 
record of how vegetation has responded to changing climates in the past, 
that provides the foundation for understanding how future climate change 
may impact the vegetation communities of the GYE.

Yellowstone National Park was the world’s first protected area created 
in the contemporary “national park” ethic, and it remains an international 
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icon for environmental preservation. The GYE forms the headwaters of 
three major river systems (the Missouri, Colorado, and Columbia) and is 
widely regarded as one of the most intact ecosystems left in the contiguous 
forty-eight states of the United States. By land area, the GYE is more than 
half protected for environmental conservation and related uses and con-
tains natural resources of tremendous social, political, and economic inter-
est, including endangered species, the natural source of human pharmaceu-
ticals, and other rare, unique, and important natural and cultural resources 
(Schrag, Bunn, and Graumlich 2008). Great interest in environmental 
preservation of the GYE presents important opportunities to demonstrate 
cutting-edge natural resource management strategies by, for example, bet-
ter linking science and management (chaps. 2 and 3). The most recent and 
arguably largest challenge faced by GYE managers stems from the expected 
ecological impacts of human-induced climate change over the course of the 
next century. 

Because vegetation communities in the GYE are strongly shaped by 
climate, and climate and associated ecosystem processes are already chang-
ing rapidly in the northern Rockies (chaps. 4, 6, and 7), it is feared that 
some vegetation communities are especially vulnerable to climate change. 
Changes in GYE vegetation could threaten existing wildlife conservation 
goals and provide a positive feedback to even more climate and vegetation 
change through, for example, climate warming resulting in forest loss lead-
ing to decreased summer snowpack and further climate warming (Schlaep-
fer, Lauenroth, and Bradford 2012; Gleason, Nolin, and Roth 2013; but 
see also Grant, Tague, and Allen 2013). 

These and other potential consequences of climate change highlight 
the need for GYE natural resource managers to better understand vegeta-
tion response within long-term past, current, and future contexts. This 
understanding is a critical first step to developing management response 
in which human intervention is likely to be successful, as well as to deter-
mining where management action either could be counterproductive to 
environmental preservation goals or is unlikely to succeed and, therefore, 
not worth the expenditure of limited resources. A better understanding of 
likely future change will also provide natural resource managers with an 
opportunity to reevaluate or even rewrite existing goals, which is one of 
the central tenets of the Climate-Smart Conservation framework (Stein et 
al. 2014).

The natural resource science community is well positioned to help 
managers better understand vegetation response to climate and climate 
change. Specifically, species distribution models (which include bioclimate 
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envelope models but can also use other predictors in addition to climate) 
have been used to identify and quantify relationships between current spe-
cies ranges and environmental factors, including climate. Species distribu-
tion models are often projected through time to understand how the suit-
ability of future conditions may differ from present conditions (Araújo and 
Guisan 2006). The practice of projecting future habitat suitability under 
climate change has become common as a result of increasing demand from 
the natural resource management community and improved spatial resolu-
tion of climate model projections that now produce results at management-
relevant scales (Franklin 2009; Knutti and Sedláček 2012; Thrasher et al. 
2013). 

Climate modeling results have been used to make natural resource 
management decisions around the world, and through this process we 
have learned about complexities that can exist when trying to relate habitat 
suitability to species’ distributions (Benito-Garzón et al. 2013; Wang et 
al. 2006). One of these complexities includes lag effects, whereby distri-
butions respond slowly to changing conditions governed in part by a dif-
ferential response of species life stages, such as adult survival and seedling 
establishment (Bell, Bradford, and Lauenroth 2013). The leading edge of 
a vegetation species’ range is thought to be governed primarily by seedling 
dispersal and establishment, and the trailing edge by adult survival. Each 
life stage (e.g., dispersal, establishment, and maturation) takes time, mean-
ing that the rate of environmental change can be as important as the mag-
nitude of change in determining complex ecological outcomes of actual 
shifts in vegetation distributions. Because species distribution models only 
consider changes in habitat suitability, it can also be useful to consider other 
sources of information, such as those from the paleoecological record, to 
better understand how vegetation may respond to future climate change.

The primary objective of this chapter is to examine the potential re-
sponse of GYE vegetation to climate change using new species distribu-
tion models tailored specifically to decision-support needs of GYE natural 
resource management. Our approach was designed to build on previous 
analyses of vegetation response to climate change across the US Northern 
Rocky Mountains (chap. 9) by doing new analyses using finer-scale predic-
tor and response data for tree species in the GYE. 

To put these results into a longer-term context, we also summarized 
paleoecological studies of vegetation and climate change across the GYE 
since the last glacial advance. In order to make the results most useful to 
managers, we then suggest new research directions to reduce scientific un-
certainty in the context of climate change. Finally, we demonstrate the ap-
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plication of this new science information with a focus on whitebark pine 
(Pinus albicaulis), a keystone species of special conservation concern that 
is already responding to climate change (Logan, Macfarlane, and Willcox 
2010). 

The material in this chapter is a synthesis of three published papers. 
Piekielek, Hansen, and Chang (2015) developed species distribution mod-
els for eight vegetation communities in the GYE. Chang, Hansen, and 
Piekielek (2014) used similar methods and focused on whitebark pine. And 
Hansen et al. (in review) evaluated the research and management implica-
tions of new science results for whitebark pine.

Tree Species

We developed species distribution models for nine vegetation communities 
across four elevation zones in the GYE (fig. 10-1 and table 10-1). Mul-
tiple species of sagebrush occupy the lowest elevations on well-drained soils 
where there is complete soil recharge in the spring that wets deeper soil 
layers (Schlapfer, Lauenroth, and Bradford 2012). Moving up in elevation, 
lower-treeline species are found in often steep and rocky terrain in the tran-
sition zone from valley bottoms to midslope settings. Montane forests oc-
cupy the best growing conditions where there is often consistent moisture 

Figure 10-1   
Study area,  
including areas  
managed by federal 
agencies for  
environmental  
protection and  
general use.
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Table 10-1.  Vegetation communities by elevation zone and the environ-
mental predictors used to model their habitat suitability. 

 Elevation Zone  Environmental Strength of 
Species  (meters) Predictors Model (AUC)

sagebrush < 1,900 August deficit; April snowpack;  0.731 
  solar radiation; rock volume;  
  % sand; June soil moisture 

Lower treeline 1,901–2,200  

juniper  April snowpack; wetness 0.961
limber pine  rock volume; August deficit;  0.655 
  June soil moisture; % sand;  
  April snowpack; solar radiation

Montane 2,201–2,500  

aspen   August deficit; rock volume;  0.863 
  April snowpack; % sand;  
  June soil moisture 
Douglas-fir   April snowpack; % sand;  0.777 
  August deficit; wetness;  
  solar radiation; June soil  
  moisture; rock volume
lodgepole pine   % sand; June soil moisture;  0.768 
  August deficit; April snowpack;  
  solar radiation; rock volume 

Upper treeline 2,501–3,300

Engelmann spruce  August deficit; rock volume;  0.765 
  % sand; April snowpack;  
  solar radiation; wetness 
subalpine fir   % sand; April snowpack; solar 0.857 
  radiation; rock volume; August  
  deficit 
whitebark pine  July maximum temperature;  0.940 
  April snowpack; January  
  minimum temperature; March  
  vapor-pressure deficit; April  
  precipitation; July actual  
  evapotranspiration; August  
  potential evapotranspiration;  
  September precipitation

Note: Predictors are listed in the order of their relative contribution to each species model 
from high importance to low. Elevation zones are from Despain (1991). 
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available for plant growth and the growing season is long as a result of lim-
ited snow accumulation and moderate temperatures. Soil conditions play 
a large role in determining montane forest membership, where lodgepole 
pine (Pinus contorta) can be found on sandy soils of poor moisture-holding 
capacity and nutrient availability, such as those across much of the Yellow-
stone plateau, and Douglas-fir (Pseudotsuga menziesii) and sometimes En-
gelmann spruce (Picea engelmannii) or subalpine fir (Abies lasiocarpa) are 
found on other soil types. Upper treeline species are well adapted to long 
periods of snow cover and cold where growing seasons are short and mois-
ture is rarely limiting.

To build species distribution models, we used observations of presence 
and absence from the US Forest Service Inventory and Analysis database, 
Whitebark and Limber Pine Information System, and long-term monitor-
ing plots established by the Greater Yellowstone Network of the National 
Park Service Inventory and Monitoring Program.

Environmental Predictors of Tree Species Distributions

To represent climate, thirty-year (1981–2010) monthly averages of tem-
perature and precipitation from the Parameter-elevation Relationship on 
Independent Slopes Model data set were used as predictors and were input 
into a dynamic water balance model (in the sense of Lutz, van Wagten-
donk, and Franklin 2010). The water balance model accumulated snow 
and soil moisture to field capacity (or released it as runoff) and depleted soil 
moisture as a result of estimated rates of plant evapotranspiration based on 
temperature, with adjustments for latitude, slope, and aspect.

From water balance outputs, we generated monthly averages for soil 
moisture content, snowpack, actual evapotranspiration, potential evapo-
transpiration (not limited by the availability of soil moisture), and deficit 
(potential minus actual evapotranspiration). Soil conditions were repre-
sented by the CONUS-SOIL data set of Miller and White (1998), and a 
US Geological Survey digital elevation model was used to derive a topo-
graphic wetness index (hereafter, wetness) and solar radiation that consid-
ered shading from adjacent topography as well as the seasonal migration of 
the sun from lower to higher angles.

To represent the range of possible future climate conditions, we chose 
nine of the most recent Coupled Model Intercomparison Project Phase 
5 models, as well as a low and high future atmospheric carbon dioxide 

concentration scenario for a total of eighteen climate change scenarios. 
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We considered three future thirty-year time periods, ending in years 2040, 
2070, and 2099.

Tree Species Distribution Models

Species distribution models were constructed using multivariate adaptive 
regression splines (Leathwick, Elith, and Hastie 2006) and a randomFor-
est model for whitebark pine (Chang, Hansen, and Piekielek 2014). Itera-
tive model construction with a single predictor randomized at each step 
produced variable importance scores that identified which predictors con-
tributed the most to explaining species distributions. The area under the re-
ceiver operating characteristic curve (AUC) is a common model diagnostic 
that was used to evaluate model fit; a score of 0.5 indicated that a model 
performed no better than random, while a score of 1.0 indicated perfect 
model discrimination between presence and absence in withheld portions 
of training data. AUC scores above 0.7 are generally considered to be good, 
and above 0.9, excellent (Franklin 2009).

To examine habitat suitability under alternative future climates, we 
ran species distribution models with future climate as input (both a high 
and a low carbon dioxide scenario were considered), along with static en-
vironmental predictors for such factors as soil properties and incoming so-
lar radiation. Because species distribution models produce probabilities of 
presence (i.e., habitat suitability) as output, there was a need to reclassify 
probabilities to “presence” or “absence” based on a threshold suitability 
and level of consensus among different climate models (out of nine consid-
ered). We used a threshold suitability that balanced the predictive accuracy 
of presences versus absences and identified as suitable habitat areas where 
there was a simple majority consensus (at least five of nine) among the 
different future climate models. We also examined the standard deviation 
of change in suitable area when the threshold level of agreement among 
climate models was varied from one to nine. Finally, we reported the mean 
elevation of suitable habitat area for each time period.

Impact of Climate Change on Yellowstone Tree Species

When models were used to calculate change in suitable area for the end 
of the century and a higher carbon dioxide concentration scenario, upper-
treeline species demonstrated the largest reduction in suitable area (mean 
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= –89 percent; range = –80 to –97 percent) (table 10-2 and fig. 10-2), and 
montane species followed with a mean decrease of –73 percent (range –60 
percent to –85 percent). Lower-treeline species were split, with one species 

Table 10-2.  Area and elevation of projected suitable habitat by species 
and carbon dioxide emissions scenario. 

 Current Suitable
Species Area (km2) 2040 2070 2099

Low CO2    
sagebrush 132,252 17% (+/–10) 23% (+/–15) 31% (+/–16)
  elevation (m)  1,795  1,879 1,905 1,940
  (range) (897–3,230) (897–3,608) (897–3,608) (897–3,608)

Lower treeline    
juniper 133,727 18% (+/–10) 26% (+/–15) 32% (+/–15)
  elevation (m)  1,684 1,757 1,790 1,815
  (range) (893–2,849) (893–3,195) (893–3,195) (893–3,246)

limber pine 104,874 –13% (+/–12) –8% (+/–19) –22% (+/–20)
  elevation (m)  2,013 2,136 2,184 2,231
  (range) (917–4,015) (917–4,015) (917–4,015) (1,007–4,015)

Montane    
aspen 61,028 –1% (+/– 25) –5% (+/–32) –10% (+/–31)
  elevation (m)  2,091 2,241 2,301 2,399
  (range) (1,048–3,117) (1,059–3,512) (1,135–3,512) (1,135–3,772)

Douglas-fir 78,229 –35% (+/–16) –38% (+/–25) –53% (+/–26)
  elevation (m)  2,086 2,283 2,341 2,429
  (range) (992–3,833) (1,099–3,734) (1,099–3,577) (1,110–3,577)

lodgepole pine 54,199 –28% (+/–24) –42% (+/–36) –50% (+/–38)
  elevation (m)  2,460 2,560 2,602 2,631
  (range) (1,736–3,833) (1,811–3,867) (1,896–3,842) (1,964–3,867)

Upper treeline    
Engelmann spruce 53,843 –46% (+/–24) –61% (+/–36) –77% (+/–38)
  elevation (m)  2,712 2,864 2,934 3,021
  (range) (1,123–4,015) (1,123–4,015) (1,123–4,015) (1,123–4,015)

subalpine fir 42,144 –43% (+/–30) –56% (+/–46) –68% (+/–49)
  elevation (m)  2,797 2,929 2,982 3,038
  (range) (1,368–4,015) (1,354–4,015) (1,354–4,015) (1,354–4,015)

whitebark pine 29,251 –44% (+/–27) –69% (+/–13) –81% (+/–12) 
  elevation (m)  2,876 3,020 3,128 3,218
  (range) (2,842–2,895) (2,938–3,182) (3,055–3,297) (3,114–3,471)
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Table 10-2.  (Continued)

 Current Suitable
Species Area (km2) 2040 2070 2099

High CO2    
sagebrush 132,252 18% (+/–9) 28% (+/–16) 40% (+/–17)
  elevation (m)  1,795 1,878 1,929 1,995
  (range) (897–3,230) (897–3,608) (897–3,711) (897–3,771)

Lower treeline    
juniper 133,727 16% (+/–9) 32% (+/–16) 55% (+/–16)
  elevation (m)  1,684 1,749 1,813 1,928
  (range) (893–2,849) (893–3,195) (893–3,246) (893–3,608)

limber pine 104,874 –15% (+/–12) –37% (+/–21) –29% (+/–21)
  elevation (m)  2,013 2,147 2,189 2,307
  (range) (917–4,015) (917–4,015) (971–4,015) (1,071–4,015)

Montane    
aspen 61,028 7% (+/–25) –1% (+/–23) –60% (+/–36)
  elevation (m)  2,091 2,234 2,382 2560
  (range) (1,048–3,117) (1,059–3,512) (1,135–3,772) (1,356–3,772)

Douglas-fir 78,229 –37% (+/–16) –63% (+/–27) –73% (+/–28)
  elevation (m)  2,086 2,284 2,394 2,559
  (range) (992–3,833) (1,099–3,577) (1,110–3,577) (1,121–3,714)

lodgepole pine 54,199 –26% (+/–23) –53% (+/–40) –85% (+/–41)
  elevation (m)  2,460 2,550 2,622 2,758
  (range) (1,736–3,833) (1,811–3,867) (1,964–3,842) (2,130–3,833)

Upper treeline    
Engelmann spruce 53,843 –47% (+/–23) –77% (+/–40) –90% (+/–41)
  elevation (m)  2,712 2,864 3,016 3,145
  (range) (1,123–4,015) (1,123–4,015) (1,123–4,015) (1,123–4,015)

subalpine fir 42,144 –44% (+/–29) –66% (+/–51) –80% (+/–52)
  elevation (m)  2,797 2,930 3,036 3,114
  (range) (1,368–4,015) (1,354–4,015) (1,354–4,015) (1,394–4,015)

whitebark pine  29,251 –46% (+/–9) –82% (+/–11) –97% (+/–12)
  elevation (m)  2,876 3,023 3,226 3,471
  (range) (2,842–2,895) (2,974–3,061) (3,116–3,412) (3,255–3,749)

Note: Low emissions are RCP 4.5 and high are 8.5. Area is presented in square kilometers 
for current and as percentage change from current for projected future. Percentage change 
numbers in parentheses refer to the standard deviation of change when threshold levels of 
agreement between climate models to determine suitability were varied from one to nine.
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exhibiting a decrease (limber pine, –29 percent) and the other an increase 
(juniper, 55 percent). Sagebrush was projected to see a 40 percent increase 
in suitable area.

For all species, change in the elevation of suitable habitat area was to 
higher elevations than present (table 10-2 and fig. 10-3). The magnitude 
of elevation shifts was generally positively related to the elevations that 
the species currently occupy (i.e., low-elevation sagebrush moved up the  
least), with the exception that montane species exhibited two of the four 
largest increases in mean elevation. Montane species habitat shifted up in 
elevation an average of 270 meters (but lodgepole pine only 208 meters); 
upper-treeline species, an average of 304 meters (whitebark pine, 448 me-
ters); lower-treeline species, an average of 170 meters; and sagebrush, 117 
meters. In addition to climate tolerances, elevation shifts were influenced 
by an interaction between mountain shape and soil properties (Elsen and 
Tingley 2015).

Species distribution models performed well, as indicated by an aver- 
age AUC that was greater than 0.8 (range 0.655–0.961) (table 10-1).  
April snowpack appeared in every model and was often one of the most  
important predictors across elevation zones. Estimates of July maximum 
temperature or August soil moisture deficit also appeared in every model 
and were often of high importance, especially in the models of lower- 
elevation communities (e.g., sagebrush) and moisture-sensitive species 
(e.g., quaking aspen [Populus tremuloides] and Douglas-fir). Soil predictors 
(percent sand and rock volume) contributed to seven species models and 
were the most important predictor in three, including lodgepole pine. Top-
ographic predictors appeared in seven models and generally contributed 
the least.

Figure 10-2   Summary of past climate and vegetation changes in the Yellowstone 
region. (Adapted from Whitlock and Bartlein 1993.)
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Both the high and low future carbon dioxide concentration scenarios 
agreed on large reductions in future suitable habitat area for most forest 
species and increasing future suitable habitat area for sagebrush and juniper.

Paleoecological Synthesis

The GYE has undergone numerous vegetation and climate changes over 
the past fifteen thousand years. Major climate events included the end of 
the Pleistocene, when many North American glaciers retreated upslope and 
northward. Whitlock and Bartlein (1993) state that during the late Pleis-
tocene and early Holocene, GYE vegetation shifted rapidly following de-
glaciation. During the last part of the Pleistocene (12,000 to 11,000 years 
BP [before present]), much of the GYE region was dominated by sage-
brush, with species assemblages that were similar to modern-day shrub-

Figure 10-3   Current and projected community types across the Greater Yel-
lowstone Ecosystem under the high carbon dioxide concentration scenario. The 
results of species distribution analysis from Piekielek, Hansen, and Chang (2015) 
were combined into the community types illustrated in the legend to depict shifts 
in nonforest and forest types.
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lands, meadow, and tundra. Many of the coniferous forest communities of 
present-day North America existed within the lower-latitude southwestern 
regions of the United States during this time period.

At the end of the Pleistocene and into the early Holocene (circa 12,000 
to 6,000 BP), amplification of the seasonal cycle of solar radiation resulted 
in summer radiation that was approximately 8 percent higher than the pres-
ent and winter values that were 10 percent lower at 45 degrees N latitude 
(Iglesias, Krause, and Whitlock 2015). Increased solar radiation was as-
sociated with changes in atmospheric circulation that led to higher sum-
mer temperatures (about 5 degrees F, or 3 degrees C, higher than present), 
colder winters (about 3 degrees F, or 2 degrees C, lower than the present), 
and lower moisture (Alder and Hostetler 2014). This time period marked 
the migration of subalpine fir and whitebark pine into the GYE, where they 
displaced communities of sagebrush. Several thousand years later (5,000 
BP), a north-south climate division became apparent with warm-dry sum-
mers in the southern GYE and warm-wet summers in the north. Northern 
regions became dominated by montane forest species, including Douglas-
fir, aspen, and lodgepole pine, while the southern regions were dominated 
by upper-treeline species, including Engelmann spruce, subalpine fir, and 
whitebark pine (fig. 10-2). 

Interpreting the Future in Light of the Past

The examination of past climate and vegetation change in the GYE gener-
ally supported our interpretation of future species distribution modeling 
results with a few differences to consider. Species of sagebrush and juniper 
have thrived in the GYE during paleologic periods of lower precipitation 
or higher temperatures, such as following deglaciation and in the northern 
region. In a projected hotter and drier future, the current study’s results 
suggested that area suitable for sagebrush and juniper may increase at the 
expense of forest species habitat at higher elevations. In contrast to current 
species distribution modeling results, Douglas-fir appears to have thrived in 
the southern region of the GYE circa 6,000 BP (which was hotter and drier 
than the present), when it probably displaced stands of lodgepole pine and 
subalpine fir. Suitable Douglas-fir habitat over the next century in the pres-
ent study was limited by generally unsuitable upslope soil conditions (i.e., 
sandy soils) across much of the mid-elevation Yellowstone plateau that is 
just upslope of much of its current range. This was reflected by Douglas-fir 
exhibiting one of the largest increases in mean elevation of suitable habitat 
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area because it had to skip over the Yellowstone Plateau to find suitable 
upslope conditions in future climates.

The magnitudes of climate change over paleologic time as compared 
to projected future change are similar; however, the time frame over which 
this change is expected to take place in the future is much shorter. The tran-
sition from a sagebrush-dominated GYE landscape to present-day forest 
communities took nearly fifteen thousand years, while the current study’s 
projections of sagebrush and juniper suitable habitat expansion onto the 
Yellowstone plateau spanned about twenty years. The ecological conse-
quences of this difference in rate of change are not well understood. At a 
minimum, we do not expect that natural rates of in situ adaptation and dis-
persal will be able to keep pace with changing climate over the next century. 
The mismatch of expected future rates of change that outpace anything 
that we have seen in the paleoecological record and the natural abilities of 
species to respond brings the possibility of human intervention to the fore-
front of natural resource management debate.

In total, the species distribution modeling projections suggested that 
climate suitability for forests of the GYE will change substantially in the 
coming century. Warming temperatures, decreasing springtime snowpack, 
and decreasing late-season soil moisture would result in a longer, warmer, 
and drier growing season than present. In general, vegetation communities 
are projected to shift upward in elevation, while climate suitability for the 
highest-elevation species, such as whitebark pine, largely moves off the tops 
of mountains. Upper-treeline forest habitat suitability shifts to the current 
alpine zone (i.e., above treeline), where in some cases there are only rock 
outcroppings that may not support forest establishment. Montane species 
lose suitability across the large mid-elevation portion of the GYE and shift 
to the current upper-treeline zone in places where soil conditions are suit-
able. Sagebrush and juniper savanna communities retain climate suitability 
at current lower treeline but also expand over large portions of the current 
montane forest zone. 

Combining these results into sagebrush, lower-treeline, montane, and 
upper-treeline community types provides a way of visualizing projected 
distributions of forest and nonforest types across the GYE (fig. 10-3). The 
projections for 2099 under the high carbon dioxide scenario are striking 
in the expansion of habitat suitability for sagebrush and juniper savanna 
communities and the contraction of closed-canopy conifer forest suitability 
(fig. 10-3).

With habitat suitability as a basis of understanding, it is also useful to 
consider how vegetation communities may be affected by the indirect ef-



Vegetation Communities of the Greater Yellowstone Ecosystem 203

fects of climate change, such as from changing disturbance regimes and pest 
demography. Based on climate change alone, fire frequency was projected 
to increase dramatically across all elevations of the GYE (Westerling et al. 
2011). However, when feedbacks from vegetation were included (Clark, 
Keane, and Loehman, in review), fire frequency also increased under future 
climate scenarios, but the changes were less extreme. Regarding mountain 
pine beetles, a major agent of mortality for pine species in the GYE, Buotte 
et al. (in review) projected increasingly favorable climate conditions for 
beetles. 

Such findings lead to the question of how changes in forest habitat 
suitability, fire regimes, and pest outbreaks will interact to influence pat-
terns of vegetation across the GYE. We speculate that these interacting fac-
tors will result in vegetation in the GYE later in the century being more 
dominated by nonforest communities and the remaining forest communi-
ties being earlier in seral stage and lower in canopy cover. Initial modeling 
studies are largely in agreement with this speculation (Clark, Keane, and 
Loehman, in review).

Changes in the distributions of the species considered above would 
likely have large consequences for the provisioning of ecosystem services 
across the GYE. Loss of coniferous forest cover (especially where fire fa-
cilitates the transition) could exacerbate reductions in summer snowpack, 
with large consequences for streamflows and temperature, coldwater fish 
populations, and downstream water availability for irrigation and human 
consumption (chaps. 7, 12, 15, and 16). Habitat quality would be expected 
to deteriorate for the many species of wildlife now dependent on forest 
habitats and snow cover. As a consequence, some GYE wildlife conserva-
tion goals would need to be modified or rewritten entirely to reflect a po-
tential future without the habitat to support some native species. A revised 
wildlife conservation goal could include the facilitation of wildlife migra-
tion to newly suitable habitat that becomes available outside of the GYE 
in the future. Finally, implications for the quality of visitor experience and 
recreational opportunities are poorly understood but are assumed to be 
substantial.

Research to Reduce Uncertainty

The present study was performed in support of the Climate-Smart Con-
servation framework for climate adaptation for natural resources (chap. 2). 
Thus, it is important to evaluate how results can best inform management. 
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Although species distribution models are highly valuable as first filters for 
prioritizing research and management under climate change (Hansen and 
Phillips 2015), they do not consider many factors influencing the viability 
of a species in newfound conditions. The method assumes that interactions 
among climate, disturbance, dispersal ability, biotic interactions, and other 
ecological factors continue in the future as they are today, even when we 
understand this to be an unlikely outcome.

The list of important ecological factors that are not considered in spe-
cies distribution models can be used to guide future research and adap-
tive management, especially for species found to be highly vulnerable to 
changes in climate suitability. Whitebark pine was projected to have the 
greatest loss of suitable habitat area in the current study and has already un-
dergone high levels of adult mortality across the GYE from mountain pine 
beetle infestation (Logan, Macfarlane, and Willcox 2010). Consequently, 
it is listed as a threatened species by the US Fish and Wildlife Service. The 
Greater Yellowstone Coordinating Committee’s Whitebark Pine Subcom-
mittee has developed a strategy for managing this species (GYCC 2011) 
and has begun implementation of the plan (chap. 15). The subcommittee  
is being asked by stakeholders if this management is likely to be effective 
given the projected loss of suitable climate conditions in the future (al-
though approximately 370 square miles, or 960 square kilometers, are pro- 
jected to remain suitable; Chang, Hansen, and Piekielek 2014). To address 
this question, Hansen et al. (in review) identified hypotheses under which 
whitebark pine populations may remain viable despite projected climate 
change. These hypotheses led to the following research questions and 
considerations:

1.  Under what conditions can whitebark pine seedlings establish and ma-
ture in the alpine zone, and will establishment require human intervention 
to be successful?

Field studies of close relatives of whitebark pine and in other climate 
regions suggest that seedling establishment in the alpine zone and north 
of the current whitebark pine range is possible and may require human 
intervention to be successful (McLane and Aitken 2012). Further study of 
Yellowstone whitebark pine ecology would help to guide management of 
local populations.

2.  Will microrefugia provide suitable habitat for whitebark pine? 
Some locations projected to become unsuitable by moderate spatial 

resolution (about 250 acres, or 1 square kilometer) species distribution 



Vegetation Communities of the Greater Yellowstone Ecosystem 205

models may actually contain small patches that remain suitable because of 
their microsite characteristics. Narrow and steep, north-facing slopes may 
maintain cooler temperatures and longer winter snowpack than is repre-
sented by moderate-resolution climate projections (chap. 6). These sites 
may serve as microrefugia where whitebark pine could persist even while 
the surrounding landscape becomes unsuitable. 

3.  Will some GYE whitebark pine genotypes be able to tolerate future con- 
ditions that are projected to be unsuitable by species distribution models? 

Within the GYE whitebark pine population, genetic variants may 
exist that are better able to tolerate the hotter and drier conditions that 
are projected by future climate models. These variants are expected to be 
favored by natural selection and may persist in places where average models 
trained on entire populations (e.g., species distribution models) predict 
future unsuitable habitat. 

4.  Would active management to reduce competition with whitebark pine 
across some of its range provide suitable future habitat in addition to what 
is projected by species distribution models? 

The current distribution of whitebark pine is thought to be strongly 
limited by competition with lodgepole pine and subalpine fir and may be 
able to persist in warmer conditions in the absence of competition. 

5.  Can existing whitebark pine management programs use climate science 
results to facilitate the establishment of small but vigorous populations of 
whitebark pine that contribute to the maintenance of the species in the 
GYE? 

Some of the current mortality of whitebark pine is caused by white 
pine blister rust. Seedlings that are genetically resistant to the rust have 
been propagated and are being planted. If these seedlings are planted in 
locations projected to maintain suitable habitat, if competing vegetation 
is controlled, and if mountain pine beetles do not cause mortality, these 
seedlings will likely contribute to the maintenance of a viable population 
in the future.

In the context of the Climate-Smart Conservation framework, these 
research questions and hypotheses of whitebark pine persistence should be 
tested in adaptive management experiments. Experiments could include 
management implementations and controls that are monitored to evalu-
ate outcomes and advance our understanding of whitebark pine ecology 
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in the GYE and the effectiveness of management interventions. In turn, 
the work on whitebark pine as an early responder to climate change would 
inform active management of other vegetation species and communities 
across zones of elevation. 

Management Implications

Projected climate change represents a very significant challenge to natural 
resource managers. There is high uncertainty about the magnitude of climate 
change, the ecological response to it, the effectiveness of management 
treatments, and even the appropriateness of active management in some 
wildland settings (e.g., designated wilderness, roadless areas, and so forth).

Fortunately, approaches to handling these challenges are being de- 
veloped, tested, and revised, such as the Climate-Smart Conservation frame-
work (chap. 2). Research is being used to project potential future response 
to climate change and to reduce uncertainty. Monitoring in fast-changing 
places provides information on actual rates of change and ecological re-
sponse. Vulnerability assessments can reveal which species or ecosystems 
are most at risk, where these are located, and why they are at risk. Educa-
tion programs for natural resource management staff and the public can  
help promote better understanding of the issues and to formulate effec- 
tive public policy. Agency planning documents can incorporate consider-
ation of climate change in order to mitigate undesirable future outcomes.  
Passive management techniques, such as allowing fires to burn naturally, 
can sometimes favor species vulnerable to climate change. Finally, a va- 
riety of types of active management are being developed and evaluated 
that are aimed at protecting existing populations in situ until newly suit-
able habitats develop, facilitating natural establishment in adjacent newly 
suitable habitats and assisting migration to more distant newly suitable 
habitats. 

Climate adaptation planning will be most effective if it is stratified geo-
graphically based on the locations of current and projected future suitable 
climate (Loarie et al. 2008; McLane and Aitken 2012). Hansen and Phil-
lips (2015) recognized three climate suitability zones relevant to climate 
adaptation. “Core habitats” are locations where populations are currently 
present and habitat is projected to remain suitable in the future. “Future 
habitats” are currently unsuitable but are projected to become suitable in 
the future. “Deteriorating habitats” are those that are currently suitable but 
are projected to become unsuitable. These zones are illustrated for white-
bark pine in the GYE in figure 10-4.
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Core habitats for whitebark pine are largely in the current upper-
treeline zone. These habitats are of greatest ecological importance because 
the populations are most likely to remain viable in the future. The primary 
management goal in these locations could be to maintain population vi-
ability (fig. 10-5). Most of the current range of whitebark pine in the GYE 
is projected to become deteriorating habitat by 2099, especially in the high 
carbon dioxide concentration scenario. The management goal in these hab-
itats could be to maintain whitebark pine populations as long as possible 
while new populations establish. Future habitats for whitebark pine in the 
GYE are mostly located in the alpine zone that is not currently forested. 
Management strategies to encourage expansion into the alpine zone could 
include promoting high levels of seed immigration and assisted migration.

In the natural resource science and management communities, there 
is currently heated debate about whether active management should be 
part of our climate adaptation response on federal lands where current land 
use policy precludes its use. The enabling legislations for national parks, 
roadless areas, and designated or proposed wilderness areas encourage or 
require minimal human activity and intervention (Long and Biber 2014). 

Figure 10-4   Distribution of projected deteriorating, core, and future habitat 
for whitebark pine in the Greater Yellowstone Ecosystem under a moderate warm-
ing scenario (low carbon dioxide concentration—left) and under a more extreme 
warming scenario (high carbon dioxide concentration—right). Habitat types are 
defined in the chapter text. The period of reference is current to 2099. (From Han-
sen and Phillips 2015.)



208 ecological consequences and vulnerabilities

All lines of evidence considered in the present study suggest that future 
suitable forest habitat increasingly shifts from mid-elevation federal lands 
in the montane zone, where active management is currently well accepted, 
to higher-elevation lands in the upper-treeline and alpine zones, where it 
is not. While the debate over active management in wildland settings will 
likely continue, it should be noted that research, monitoring, education, 
vulnerability assessment, and passive management are all currently viable 
options for managers of all federal lands. 

Regardless of whether current management policy is changed in the 
future to allow active management, it remains unclear whether even the 
most well executed climate adaptation strategy will be sufficient to preserve 
all contemporary GYE forest species and their associated ecosystem services 
in the future. It is, however, the explicit consideration of potential futures 
that do not resemble our world today, as well as the development of man-
agement policies that are a reflection of what we would like the future to 
look like, that forms the basis of any Climate-Smart Conservation response 
strategy (Stein et al. 2013).

Conclusion

Species distribution models and the results of paleoecological studies both 
suggest that forest habitat suitability in the GYE will deteriorate over the 
course of the next century under expected climate change. This was found 
to be true across zones of elevation and was accompanied by an expan- 

Figure 10-5   An example for whitebark pine (WBP) of using future habitat suit-
ability as a framework for management. Habitat types are defined in the chapter 
text. From Hansen et al. (in review).
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sion of suitable habitat for sagebrush communities and juniper woodlands. 
Upper-treeline species in the GYE, such as whitebark pine, appear to be most 
at risk of climate change—for example, whitebark pine’s preferred habitat is 
projected to shift into the alpine zone (or off the tops of mountains), where 
soil conditions may not be suitable for seedling establishment. Projected 
loss of habitat suitability combined with an anticipated rate of change that 
greatly exceeds anything that we have seen before poses a host of challenges 
for natural resource managers who are interested in preserving GYE forest 
communities. 

Research, monitoring, adaptive management, and the Climate-Smart 
Conservation framework for climate adaptation planning all provide use-
ful responses to these challenges. In particular, management response to 
climate change will most likely be successful if it is stratified geographically 
based on the locations of current and projected future suitable habitat. This 
chapter provided an example of applying the Climate-Smart Conservation 
framework to forest vegetation communities in the GYE and made recom-
mendations for future research to reduce scientific uncertainty. 
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Forests of the Appalachian Landscape Conservation Cooperative provide 
critical ecological and management functions. The moist climate of the 
eastern United States fosters productive stands that store relatively high 
amounts of carbon; for example, the Appalachian Landscape Conserva-
tion Cooperative (Appalachian LCC) accounts for only 7.6 percent of the 
contiguous United States but contains 18.8 percent of its aboveground 
forest biomass (derived from Kellndorfer et al. 2012). The Appalachian 
Mountains create substantial topographic and microclimatic diversity, and 
forests in the southern Appalachian LCC have some of the highest levels of 
endemic mammal, bird, amphibian, reptile, freshwater fish, and tree species 
biodiversity in the conterminous United States (Jenkins et al. 2015). For-
est types vary from commercial pine plantations in the south to temperate 
hardwoods in the central Appalachians to high-elevation spruce-fir forests 
in the north.

Appalachian LCC forests are managed for a variety of objectives by 
private landowners and state and federal agencies. These objectives include 
production forestry, low-intensity harvesting, wildlife habitat, native vege- 
tation, water quality, aesthetics and recreation, and, increasingly, climate 
change mitigation through carbon sequestration. However, forest health 
and ecosystem service management can be challenging in the Appala-
chian LCC. Compared to the western United States, these forests tend to 
be fragmented and privately owned by a large number of stakeholders. A 
dated property tax system, based on a land’s “highest and best use,” under- 
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values ecosystem services and does not promote forest preservation (Beecher 
2013). Suburban and exurban growth tends to fragment forests near met-
ropolitan areas (Brown et al. 2005), while natural gas drilling, wind farms, 
and mining disturb remote and higher-elevation forests (Dunscomb et al. 
2014). Land is increasingly divided between more parties (“parcelization”), 
limiting regional coherence in management objectives and approaches. 

Many of these forests are also fundamentally transformed from their 
presettlement state as a result of altered fire regimes, deforestation and ag-
ricultural abandonment, and invasive species. These land use activities have 
tended to decrease biodiversity, replacing tracts of fire-adapted woodlands 
and open forests with relatively mesic even-aged and closed-canopy for-
ests (Nowacki and Abrams 2008). This, along with exotic introductions 
and warming, has increased susceptibility to insects and diseases. In many 
affected areas, regeneration is hindered by deer herbivory (Eschtruth and 
Battles 2008). 

Climate change will add additional stressors to current management 
challenges. As shown in chapter 5, temperatures have risen over the last 
several decades (especially in the northern Appalachian LCC) and are pro-
jected to increase by a further 4 to 5.4 degrees F (2.2 to 3 degrees C) by 
2055 and 4.8 to 8.3 degrees F (2.7 to 4.6 degrees C) by 2080 in the Ap-
palachian LCC. As a rule of thumb, to keep pace with warming, tree species 
will need to migrate roughly thirty-five miles for every 1 degree F of warm-
ing (Melillo et al. 1990). Woodall et al. (2009) provide evidence that many 
tree species in the eastern United States are beginning to shift their ranges 
northward at a rate that could approach sixty miles per century, although 
recent analyses of the same data have challenged this finding (e.g., Zhu, 
Woodall, and Clark 2012). Nonetheless, numerous studies indicate that 
tree migration will not be able to track the velocity of climate change under 
even the most optimistic of dispersal and climate scenarios (e.g., Iverson, 
Schwartz, and Prasad 2004; Nathan et al. 2011).

Because of this information, there is a growing appreciation that cli-
mate change needs to be included in management plans. Some preliminary 
implementations are promising. For example, working with the US For-
est Service’s Northern Institute of Applied Climate Science, various fed-
eral, state, and private stakeholders have incorporated climate and habitat 
projections into their management activities. Climate-smart activities in-
clude improving core, matrix, and connecting habitat; selective thinning 
and plantings that favor native tree species projected to thrive in future 
climates; cutting poorly performing species that are not projected to do 
well; and improving resiliency to pests and pathogens.
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Some of the best and most widely used tools for informing climate-
smart management are species distribution models (SDMs). As detailed 
in chapters 8, 9, and 10, SDMs statistically relate climate and other geo- 
spatial data to observed species occurrence or abundance. When projected 
to future climates, SDMs suggest where habitat suitability may change. By 
themselves, SDMs may provide enough information for certain climate-
focused management activities, especially those involving more intensive 
approaches (e.g., selective thinnings or plantings). However, for more 
passively managed or unmanaged forests, additional information must be 
coupled with SDM results to assess vulnerability. This is accomplished by 
characterizing a system’s adaptive capacity, which, for forests, typically in-
volves factors affecting regeneration, migration, and tolerance to various 
disturbances and stressors.

In this chapter, we present a vulnerability analysis for individual tree 
species and forest types in the Appalachian LCC and discuss manage- 
ment implications. As an illustration, we provide a case study for the Dela-
ware Water Gap National Recreation Area and protected area centered eco- 
system (PACE). For context, we also present results for the entire eastern 
United States. We used habitat suitability models (SDMs) for forty tree 
species from chapter 8 as our starting point to define potential impacts. We 
then coupled this with information on seed source strength, dispersal po-
tential, and forest fragmentation to define adaptive capacity and to estimate 
vulnerability. Our approach to vulnerability differs from many past efforts 
(e.g., Matthews et al. 2011; Butler et al. 2015) in that it is entirely spatially 
explicit. Thus, while we necessarily neglect some types of information, we 
are able to provide data layers across a broad domain at a management- 
relevant resolution (0.5 mile, or 800 meter). We believe this can add sig-
nificant value to ongoing and future activities, particularly those requiring 
spatial estimates of adaptive capacity and vulnerability.

Defining Vulnerability

We operated within the framework presented in Glick, Stein, and Edelson 
(2011) to calculate vulnerability. This involved combining climate exposure, 
inherent sensitivity, and adaptive capacity. The SDM output of changes in 
habitat suitability from chapter 8 effectively represented the combination 
of exposure and sensitivity as “potential impact,” which we formalize here 
into a quantitative index. For simplicity, we focused on results obtained 
with climate projections from the representative concentration pathway 
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(RCP) 8.5 model ensemble at 2055 (discussed in chapter 8), although we 
present comparisons to RCP 4.5 and other future time periods.

Potential Impact

For a given species, 0.5-mile (0.25-square-mile) pixel, and point in time, 
habitat suitability was calculated as the fraction of random forest trees 
(1,500 for each species, described in chapter 8) that predicted presence of 
a species. We calculated potential impact as the difference in suitability be-
tween a future scenario and the historical time period (thirty-year window 
centered at 1995) (fig. 11-1). We incorporated both absolute and relative 
differences in suitability:

where Pa, Pr, and P = absolute, relative, and combined potential impact, 
respectively, and sh and sf = historical and future suitability, respectively. 
Potential impact is on a scale of –1 to 1. To align with our vulnerability 
metric, positive values are associated with increasingly deleterious changes 
in suitability (i.e., higher impact), and negative values indicate increasingly 
favorable changes (i.e., lower, or no, impact). Note that all vulnerability 
components are calculated on scales of –1 to 1 (or 0 to 1 in the case of 
forest fragmentation, propagule pressure, and adaptive capacity) and sub-
sequently multiplied by 100 for ease of interpretation.

Adaptive Capacity

Although potential impact provides information on changes in habitat suit-
ability, it does not inform whether trees will be resilient in the face of unfa-
vorable change or whether they will be able to capitalize on newly suitable 
locations. To address this, we characterized adaptive capacity. Estimates of 
adaptive capacity are inherently subjective and dependent on the particular  

Pa= Sh–Sf

Pr=
sh–s f
sh+sf

P=
Pa+Pr

2

√
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Figure 11-1   Example vulnerability layers for sugar maple using RCP 8.5 ensemble 
model projection for the year 2055. Panels show (a) historical basal area, (b) his- 
torical modeled suitability, (c) future modeled suitability, (d) potential impact, (e) 
adaptive capacity, and (f) vulnerability categories. 



Climate Change in the Appalachian Landscape Conservation Cooperative 217

elements of vulnerability in question. We chose an approach that incor-
porates attributes of species’ survival and migration that can be quantified 
spatially with current knowledge and data sets. These attributes included 
forest fragmentation, seed source strength, and dispersal potential. We did 
not consider other potentially influential sources of information, such as 
resistance to disturbance or seed viability, as these properties are uncertain 
and difficult to quantify. Our approach allowed us to provide spatially ex-
plicit estimates in a consistent manner across forty tree species. 

Fragmented landscapes negatively impact biodiversity, genetic ex-
change, and species movements (e.g., Jump and Penuelas 2005). One 
component of fragmentation is human modification, which introduces im-
pervious surfaces, managed vegetation, agriculture, and other land cover 
unfavorable to natural vegetation. As an estimate of human modification 
we used layers from Theobald (2013) projected to future time periods us-
ing a method similar to Theobald (2010). Human modification does not 
represent unfavorable patches created by natural features, such as water 
bodies, rock outcroppings, bogs, and open grasslands. These, however, can 
be captured by estimates of forest cover. For example, Iverson, Schwartz, 
and Prasad (2004) used forest cover as a metric of sink strength in their 
dispersal model. To calculate forest fragmentation, we therefore averaged 
human modification and (1 – tree cover) (Carroll et al. 2011), where tree 
cover is scaled between 0 and 1, capped at a maximum of 70 percent (fig. 
11-2). The resulting index ranges from 0 to 1. For future time periods, we 
assumed that any increases in human modification were associated with 
similar decreases in tree cover (which is consistent with Jantz, Goetz, and 
Jantz’s (2005) analysis of past change using satellite observations).

The level of seed rain from surrounding forest patches, or “propagule 
pressure,” positively affects adaptive capacity by increasing resilience (e.g., 
regeneration after disturbances or mortality) or allowing a species to colo-
nize newly suitable areas. We leveraged the results of Iverson, Schwartz, 
and Prasad (2004), who calculated propagule pressure as the product of 
importance value and forest cover. Importance value for a given species 
is the sum of percent basal area and tree density relative to site total. As a 
proxy for this, we used gridded basal area for every species from Wilson, 
Lister, and Riemann (2012). Iverson et al. also found that propagule pres-
sure ceased to limit migration when importance values were greater than 
approximately two and forest cover at a source pixel was greater than 75 
percent (product of 150). We applied this result conservatively, such that 
our final metric of propagule pressure was the product of percent basal area 
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and tree cover, capped at 100 (equivalent to a value of 200 from Iverson’s 
approach) and scaled from 0 to 1.

We also incorporated an estimate of dispersal potential in our adaptive 
capacity metric. Tree dispersal and migration rates have a long history of 
active research and debate, and they remain highly uncertain. Estimates 
from paleoecological literature, current observations, mechanistic models, 
and statistical models frequently disagree. Maximum migration rates are 
ultimately thought to be controlled by rare long-distance dispersal events 
(Clark 1998), which are difficult to capture with observations. Glacially 
altered landscapes, potential refugia, varying rates of climate change, and 
data uncertainties limit the direct application of paleoecological studies. 
Because of this, we chose a simplified but often-used approach that charac-
terizes dispersal potential as a negative exponential kernel, as in Crossman, 
Bryan, and Summers (2012):

D=e–qd

 
where D = dispersal potential, d = distance, and q = the dispersal constant. 
We chose a dispersal constant of 0.0001 for a time scale of eighty-five years 
(1995–2080), which generally mimics the colonization probability curves 
from Iverson’s model for several tree species in the eastern United States 
(Iverson, Schwartz, and Prasad 2004; Prasad et al. 2013) (fig. 11-2) and 
lies in the middle of the range for previous estimates of tree migration in 
North America. Because there is little evidence to suggest that life history 
traits or dispersal mechanisms (e.g., wind versus bird) influence migra-

Figure 11-2   Dispersal kernels for (a) future time periods and (b) historical (1995) 
forest fragmentation.
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tion rates (Higgins et al. 2003), we apply this same function to every tree 
species.

For a given species and pixel, adaptive capacity was defined by the 
product of propagule pressure and (1 – forest fragmentation) of all the 
surrounding pixels within a thirty-one mile (50-kilometer) radius (fig. 11-
1). In this case, forest fragmentation between a given pixel and any sur-
rounding pixel was calculated as the mean fragmentation of the interven-
ing landscape (i.e., matrix habitat), defined by a 30-degree arc extending 
from the pixel of interest. To incorporate migration, the contributions from 
surrounding pixels were weighted by their dispersal potentials divided by 
their distance to the center (to account for the two-dimensional nature of 
dispersal).

Vulnerability

Our overall metric of vulnerability was calculated as:

where V = vulnerability, P = potential impact, and A = adaptive capacity.  
Note that this allows higher adaptive capacity to decrease vulnerability 
when positive (i.e., harmful impacts) and to increase the magnitude of 
negative vulnerability (i.e., improved conditions). Unless otherwise stated, 
overall vulnerability for a given species was calculated by weighting pixels 
by their historical basal area, thus emphasizing areas in the core habitat. 
Similarly, we present landscape vulnerability as the mean from all species 
present at a given pixel, weighted by their basal areas.

Although this metric is helpful to rank species and evaluate spatial pat-
terns of vulnerability, it collapses potentially useful information. We there-
fore also present management-relevant categories of vulnerability based on 
the representation of potential impact and adaptive capacity in two-dimen-
sional space (figs. 11-1 and 11-3). Similar to categories used in Mazziotta 
et al. (2015), sensitive is defined by positive (i.e., harmful) potential impacts 
and low adaptive capacity, whereas susceptible indicates positive potential 
impacts and high adaptive capacity. Susceptible pixels tend to occur within 
a species’ core range; sensitive pixels, closer to the fringes or with rare spe-
cies. For areas with improving suitability (i.e., negative potential impact), 

V = P�(1–A)   P≥0
P�A  P<0�
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resistant pixels exhibit low adaptive capacity and resilient exhibit high adap-
tive capacity (fig. 11-3). Resilient is the optimal scenario, suggesting that a 
species will thrive in a given area, whereas species may not be able to utilize 
newly suitable area in resistant pixels.

Pests and pathogens are a priority concern for a variety of species—a 
concern that is projected to be exacerbated by climate warming. To address 
this concern, we include vulnerability layers that incorporated gridded pro-
jections of species-specific basal area loss due to pests and pathogens from 
Krist, Sapio, and Tkacz (2010). We used these projections in two ways: (1) 

Figure 11-3   Landscape-level categories 
of vulnerability considering all forty spe-
cies weighted by their historical basal area 
(a) and density plots of pixels in vulner-
ability categories for the entire eastern 
United States (b) and the Appalachian 
LCC (c). As potential impact increases, 
habitat suitability for a given species 
declines. As adaptive capacity increases, 
the potential for a given species to adapt 
to either favorable or unfavorable climate 
change increases.
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by decreasing adaptive capacity directly by the percent loss in basal area, 
thereby representing the negative impact of site-level mortality, and (2) by 
reducing the basal area of the surrounding pixels used to define propagule 
pressure. Note that these estimates are limited to 2030. 

Landscape Vulnerability Assessment

As an overarching response to warming, species were projected to do 
poorer in their core historical ranges and better upslope and to the north. 
As an illustration of this, mean potential impact across all species and pixels 
was –4.3 (improving conditions, scale of –100 to +100). When limited to 
locations with historical basal area or nonzero adaptive capacity for each 
species, this increased to –3.8; when weighted by species’ historical basal 
areas, the mean jumped to 7.9. Despite an overall increase in suitability 
across the Appalachian LCC, many newly favorable areas had low adap-
tive capacity that limited the species’ abilities to utilize new habitat. For 
example, mean vulnerability across all species and pixels was 0.9 (as op-
posed to a potential impact of –4.3) and increased to 2.7 when weighted by 
historical basal area. This can be visualized in figure 11-3, which shows that 
areas with high adaptive capacity tended to have high potential impacts, 
whereas most areas with negative potential impacts had low adaptive capac-
ity. Conditions also tended to worsen later in the twenty-first century and 
under the higher emissions scenario: mean vulnerability was 1.0, 1.8, and 
2.3 by 2030, 2055, and 2080 under RCP 4.5, and 1.4, 2.7, and 3.5 under 
RCP 8.5. Note that these are averages across the domain, which includes a 
large amount of spatial heterogeneity (figs. 11-1 and 11-3). This generally 
supports previous claims that many tree species will not be able to keep 
pace with climate change, and it highlights the importance of coupling suit-
ability models with estimates of dispersal.

Compared to the entire eastern United States, adaptive capacity was 
significantly higher in the Appalachian LCC; thus, most of the Appalachian 
LCC was categorized as susceptible at the landscape level (fig. 11-3). No-
table exceptions included the Appalachian foothills in Virginia and West 
Virginia, which exhibited some of the most consistently resilient land-
scapes, and parts of the southwestern Appalachian LCC (Illinois, Indiana, 
Kentucky, Tennessee, and Alabama) with lower adaptive capacity that were 
categorized as mixtures of sensitive and resistant landscapes. This was also 
true of most areas west of the Appalachian LCC, which contained limited 
adaptive capacity due to high levels of human modification (mostly agricul-
ture) or low levels of forest cover.
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Species Vulnerability Assessment

Although analyses at the landscape scale are useful for describing over- 
arching patterns, they arise from variable species-level patterns that may  
be more useful in many management contexts. General responses to warm-
ing were modulated by species-specific sensitivities, associations with static 
landscape attributes (e.g., soils, solar insolation, and so forth), and precipi-
tation, which tended to increase in climate projections (chap. 5). 

An example for one of the most widespread species, sugar maple  
(Acer saccharum), can be seen in figure 11-1. Suitability in much of sugar 
maple’s core habitat decreased by 2055 due to warming. High adaptive  
capacity limited the deleterious impacts in most of its core habitat, es-
pecially in the Great Lakes and greater Appalachians regions. However,  
relatively low adaptive capacity in the Midwest and southwestern Appa- 
lachian LCC resulted in sensitive areas. Suitability increased in many high-
elevation and northern landscapes that had high adaptive capacity (i.e.,  
resilient) and therefore may be able to support increased sugar maple popu-
lations without direct human intervention, especially parts of Appalachia 
and Maine. Despite warming, a number of areas to the west and east of 
sugar maple’s current core range also became more suitable as a result of 
increases in precipitation and, especially in the Midwest, decreases in the 
seasonality of precipitation. However, these areas were classified as resis-
tant because of low adaptive capacity and are therefore unlikely to see ma-
jor increases in sugar maple without active management, according to our 
analysis.

In general, northern and high-elevation species tended to fare consid-
erably worse than southern and low-elevation to mid-elevation species (ta-
ble 11-1; fig. 11-4). In areas of complex terrain, habitat suitability moved 
upslope for most species with relatively high levels of adaptive capacity (due 
to intact forests and large temperature gradients with low climate veloc-
ity), indicating the potential for continued upslope migration, as has been 
observed in other temperate mountain regions (e.g., Kelly and Goulden 
2008). However, species already residing at the highest elevations, such as 
balsam fir (Abies balsamea) and red spruce (Picea rubens), will likely have 
nowhere nearby to migrate to and are highly vulnerable. 

When categorized by forest type across the Appalachian LCC (de-
scribed in chapter 8), spruce-fir, northern hardwoods, northern pines, 
central/mountain pines, and maple-beech-birch forests are consistently the 
most vulnerable (fig. 11-4). Southern species, particularly oaks, hickories, 
and pines, were either more resistant to changes in their core habitats or 
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Table 11-1.   Mean historical basal area and vulnerability for forty tree species 
across the Appalachian LCC and entire eastern United States in 2055 under the 
RCP 8.5 scenario. 

  Appalachian LCC Eastern United States

  Basal    Basal 
  Area Mean  Area Mean 
Rank Species (ft2 ac–1) Vulnerability Species (ft2 ac–1)  Vulnerability

1 Red spruce 0.48 16.2 (0.0)  Pitch pine 0.29 16.4 (1.3) 
 (Picea rubens) 
2 Yellow birch  1.54  11.1 Balsam fir 2.31 13.1 (6.6) 
 (Betula  
 alleghaniensis) 
3 Balsam fir  0.04 9.7 (0.0)  Striped maple 1.63  9.9 
 (Abies balsamea) 
4 Longleaf pine  0.13 8.6 (0.0)  Red spruce 1.05 9.4 (3.2) 
 (Pinus palustris) 
5 Striped maple  0.44  8.4 Yellow birch 1.21  9.2 
 (Acer  
 pensylvanicum) 
6 Sugar maple  16.78 7.1 (0.7)  Quaking 3.04 7.9 (0.0) 
 (Acer saccharum)    aspen
7 Quaking aspen  0.66 7.0 (0.0)  Mountain 0.03  7.2 
 (Populus  
 tremuloides)    maple
8 Eastern white pine 7.7 6.3 (0.2)  Red maple 9.31 6.3 (0.0) 
  (Pinus strobus) 
9 Red maple  29.59 6.0 (0.0)  Eastern 2.82 6.2 (0.2) 
 (Acer rubrum)    white pine 
10 Virginia pine  4.98 5.2 (0.2)  Blackjack 0.38 5.5 (0.0) 
 (Pinus virginiana)    oak
11 Pitch pine  0.94 5.2 (0.0)  Sugar maple 4.96 5.5 (0.9) 
 (Pinus rigida) 
12 Yellow poplar  19.88  4.9 Virginia 1.01 5.5 (0.2) 
 (Liriodendron     pine 
 tulipifera)  
13 Eastern hemlock  6.52 4.5 (1.5)  Shagbark 0.78  5.5 
 (Tsuga canadensis)    hickory
14 American beech  8.1 4.1 (1.0)  Yellow 3.86  5.2 
 (Fagus grandifolia)    poplar
15 Fraser fir  0.01 3.9 (0.0)  Eastern 2.19 4.7 (1.2) 
 (Abies fraseri)    hemlock
16 Black cherry  10.07  3.2 Black cherry 2.29  4.4 
 (Prunus serotina) 
17 Red hickory  0.03  2.7 American 2.18 4.0 (0.9) 
 (Carya ovalis)    beech
18 Shagbark hickory  3.01  2.3 Slash pine 2.37 3.9 (0.0) 
 (Carya ovata) 
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Table 11-1.   (Continued)

  Appalachian LCC Eastern United States

  Basal    Basal 
  Area Mean  Area Mean 
Rank Species (ft2 ac–1) Vulnerability Species (ft2 ac–1)  Vulnerability

20 Yellow buckeye  0.77  1.8 Winged elm 0.79  3.6 
 (Aesculus flava) 
21 Mountain maple  0.01  1.7 Post oak 2.65 3.2 (0.0) 
 (Acer spicatum) 
22 American elm  2.04 1.5 (0.5)  Black 0.41  3.1 
 (Ulmus     hickory 
 americana) 
23 Slash pine  0.004 1.2 (0.0)  Loblolly 14.08 3.1 (0.0) 
 (Pinus elliottii)    pine
24 Table Mountain  0.22  1.2 Sweetgum 4.33  2.8 
 pine (Pinus  
 pungens) 
25 Pignut hickory  6.65  0.8 American 1.28 2.7 (0.3) 
 (Carya glabra)    elm
26 Winged elm  
 (Ulmus alata) 0.85  0.5 Red hickory 0.01  1.9
27 American  2.54  0.2 Black oak 2.5 1.8 (0.0) 
 basswood (Tilia  
 americana) 
28 White ash  8.19 0.1 (0.9)  Chestnut oak 2.47 1.8 (0.0) 
 (Fraxinus  
 americana) 
29 Silver maple (Acer 0.62  –0.6 Yellow  0.09  1.8 
 saccharinum)    buckeye 
30 Blackjack oak  0.11 –0.7 (0.0)  Pignut 1.17  1.2 
 (Quercus     hickory 
 marilandica) 
31 Black walnut  1.93  –0.8 Table 0.02  1.2 
 (Juglans nigra)    Mountain pine
32 White oak  18.18 –1.0 (0.7)  White oak 5.19 1.1 (0.6) 
 (Quercus alba) 
33 Shortleaf pine  1.6 –1.1 (0.0)  Black walnut 0.65  1 
 (Pinus echinata) 
34 Loblolly pine  7.2 –1.3 (0.0)  American 0.96  0.9 
 (Pinus taeda)    basswood
35 Sweetgum  3.2  –1.6 Shortleaf 1.83 0.7 (0.1)   
 (Liquidambar     pine 
 styraciflua) 
36 Northern red oak  14.25 –1.6 (0.8)  White ash 1.93 0.4 (0.7) 
 (Quercus rubra) 
37 Mockernut hickory  3.69  –1.7 Mockernut 1.02  0.4 
 (Carya alba)    hickory
19 Chestnut oak  20.63 1.8 (0.0)  Fraser fir 0.001 3.8 (0.0) 
 (Quercus prinus) 
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Figure 11-4   Vulnerability rankings by forest type (a, b) and species (c) in 2055 
for RCP 8.5. Rankings in (a) were calculated by taking the average across each spe-
cies’ range, and rankings in (b) and (c) were weighted by each species’ historical 
basal area. Bar patterning in (c) associates species with their respective forest types 
in (a) and (b). Note that mean vulnerability increases when grid cells are weighted 
by their historical abundance.

Table 11-1.   (Continued)

  Appalachian LCC Eastern United States

  Basal    Basal 
  Area Mean  Area Mean 
Rank Species (ft2 ac–1) Vulnerability Species (ft2 ac–1)  Vulnerability

38 Black oak  8.29 –2.0 (0.0)  Northern  3.56 0.1 (0.7) 
 (Quercus velutina)    red oak 
39 Black hickory  0.02  –4.3 Longleaf 0.69 –0.8 (0.1) 
 (Carya texana)    pine
40 Post oak  
 (Quercus stellata) 1.42 –5.6 (0.0)  Silver maple 0.48  –0.8

Note: Values in parentheses indicate the increase in vulnerability when accounting for pest- and patho-
gen-induced losses in basal area (in this case, calculated only for the 2030 scenario). Vulnerability was 
calculated by weighting grid cells by their historical basal area.
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better able to utilize newly suitable areas (typically to the north and east). 
Northern species also tended to be more vulnerable to pests and patho- 
gens, although many of the highly affected areas were in the northern Great 
Lakes regions and northeast United States, outside the Appalachian LCC 
(table 11-1). The most affected species included balsam fir (due to balsam 
woolly adelgid and eastern spruce budworm), red spruce (due to root dis-
eases and brown longhorned spruce beetle), pitch pine (Pinus rigida, due 
to Sirex woodwasp, southern pine beetle, and engraver beetles), eastern 
hemlock (Tsuga canadensis, due to hemlock woolly adelgid), sugar maple 
(due to Asian longhorned beetle), and American beech (Fagus grandifolia, 
due to beech bark disease).

We note that vulnerability rankings are in some cases subject to the  
idiosyncrasies of domain definition. For example, longleaf pine (Pinus 
palustris) emerged as highly vulnerable in the Appalachian LCC. However, 
this neglected considerable areas of improving suitability classified as re- 
silient and resistant on the Gulf and southern Atlantic coasts (longleaf pine 
was the second least vulnerable across the entire eastern United States). 
Moreover, many of the northern species we included have ranges that extend 
into Canada. Because of the general northward trend in suitable area, we 
are undoubtedly missing favorable landscapes in Canada, particularly given 
the region’s high levels of intact forest.

Management Implications

Spatially explicit vulnerability analyses can add significant value to climate-
smart management and planning. For example, areas categorized as sen-
sitive for a particular species have the worst prognosis. These could be 
designated as locations for intensive, active management if the species in 
question is of high priority. Alternatively, it may be better to set these areas 
aside and focus on others with more favorable projections or higher adap-
tive capacity. Susceptible landscapes are projected to be unfavorable but 
have higher adaptive capacity. Depending on the level of potential impact 
and management context, these areas may justify increases in monitoring 
or preventative measures (e.g., increasing resistance to pests and diseases, 
selective thinning and planting, and so forth). 

Resilient areas are the most favorable but the least common. They may 
become increasingly important for species persistence and forest health and 
may potentially warrant increased monitoring and protection as reserves. 
Finally, resistant areas are projected to experience higher suitability for a 
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given species but may lack adequate adaptive capacity. These areas may be 
candidates for more aggressive measures, such as assisted migration, given 
appropriate motivation and resources. However, such activities should be 
carefully evaluated against the potential for unintended impacts on native 
communities (Schwartz et al. 2012).

Our landscape-level analysis may also be useful for broader-scale, ho-
listic activities, such as improving matrix habitat and connectivity. For ex-
ample, higher connectivity between sensitive and resistant/resilient patches 
may increase adaptive capacity. Ultimately, management plans and activities 
are context dependent, varying by land ownership, management priorities, 
and available resources, but may benefit from vulnerability analyses such as 
this. Our layers can be considered climate change “threat maps,” on which 
a structured decision-making process can be based and used to prioritize 
conservation actions (Tulloch et al. 2015).

Case Study: The Delaware Water Gap

Of all the eastern PACEs considered, including the Delaware Water Gap, 
the Great Smoky Mountains, and Shenandoah, the Delaware Water Gap 
PACE had the highest mean potential impact (11.4 versus 9.3 for Great 
Smoky Mountains and 2.2 for Shenandoah). However, Delaware Water 
Gap also had the highest mean adaptive capacity (64.4 versus 57.7 for 
Great Smoky Mountains and 48.4 for Shenandoah), resulting in a mean 
vulnerability (2.8) that was slightly lower than Great Smoky Mountains 
(3.1), the Appalachian LCC as a whole (3.2), and the entire eastern United 
States (3.4), but significantly higher than Shenandoah (1.4). The Delaware 
Water Gap PACE also contains complex terrain (fig. 11-5,) and is therefore 
fairly representative of many northern forests in the eastern United States. 
Here, we use the Delaware Water Gap National Recreation Area and PACE 
as a case study for assessing vulnerability and management implications at 
a local to regional scale.

Figure 11-5 provides a sample of species vulnerability on a manage-
ment-relevant domain. We focus on four important tree species for the 
region whose habitat suitability exhibited similar qualitative responses to 
climate change (upslope movement) but whose vulnerability assessments 
varied. These species include red spruce, eastern white pine (Pinus strobus), 
white oak (Quercus alba), and eastern hemlock. Red spruce occupies the 
highest-elevation sites in the Delaware Water Gap PACE; hence, there 
were no areas of improved suitability, and the species can be considered 
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highly vulnerable in the region. Eastern white pine occurs throughout but 
is most prevalent at mid-elevation sites. Despite unfavorable future con- 
ditions at low to mid-elevation, our analysis suggests that white pine has 
a relatively high chance of colonizing and increasing abundance at higher 
elevations (categorized here as resilient) due to its high adaptive capacity  
throughout. White oak, on the other hand, had low adaptive capacity at 

Figure 11-5   Example inputs (top row) and vulnerability layers (second through 
fifth rows; legends shown in second row) for the Delaware Water Gap National 
Recreation Area and PACE for RCP 8.5 in 2055. Note that because of data 
limitations, the vulnerability difference map for eastern hemlock (bottom right 
panel) has been calculated for 2030.
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high elevations and may have a more difficult time migrating upslope. 
Eastern hemlock displayed patterns similar to white pine but may expe-
rience substantial mortality from hemlock woolly adelgid (HWA), which 
increased its vulnerability.

Regarding the latter, hemlock woolly adelgid is a major concern for the 
Delaware Water Gap National Recreation Area. HWA was first reported 
in the eastern United States in the 1950s but was not detected in the park 
until 1989. Because HWA populations are strongly affected by cold winter 
temperatures, climate warming has and will likely continue to exacerbate 
HWA infestations. HWA defoliation can have a quick and devastating im-
pact on growth and mortality: it is estimated that every 10 percent increase 
in HWA infestation causes a 7 percent decline in new growth the following 
year (Evans 2010). Since 1993, when permanent monitoring plots were 
established in the park, total hemlock mortality in many stands is between 
30 and 40 percent.

Hemlock forests are recognized as “Outstanding Natural Features” 
with “high intrinsic or unique values” in the park (National Park Service 
1987). Hemlock mortality adversely affects a number of associated species 
and ecosystem and park functions by disrupting microclimates, which al-
lows for increased deer herbivory and invasion of exotic plants; negatively 
impacting fish and invertebrates in riparian areas from increased stream 
temperatures; causing hazardous trees near visitor use areas; and impairing 
aesthetics and recreational opportunities (Evans 2010). The park is actively 
managing for this threat through a variety of measures, including cutting 
hazardous trees, installing boardwalks to avoid soil compaction, applying 
insecticides, installing deer exclosure fences, suppressing invasive plants, 
planting native trees, and releasing biological control agents (Evans 2015; 
Evans, personal communication).

Our analysis indicates that hemlock is considerably more vulnerable to 
climate change in the northeast portion of the park. In the south, higher 
elevation buffers against temperature increases, and vulnerability is positive 
but small. Similarly, most of the projected basal area loss due to HWA is 
concentrated in the north of the park. This information has the potential 
to inform management plans. For example, limited resources may dictate 
prioritizing less vulnerable areas in the south for protective measures, such 
as chemical injections, removing exotic plants, and hemlock plantings after 
mortality. Alternatively, park managers might consider actively transition-
ing diseased hemlock stands in the north to species that can serve somewhat 
comparable ecosystem and management services, such as white pine, east-
ern red cedar (Juniperus virginiana), or, especially in riparian areas, ever-
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green shrubs such as American rhododendron (Rhododendron maximum) 
and mountain laurel (Kalmia latifolia) (Beecher 2013). 

Conclusion

There are both benefits and limitations to conducting an entirely spati- 
ally explicit vulnerability analysis at 0.5-mile (0.25-square-mile) resolution. 
On the one hand, the data layers are relevant for landscapes that manag-
ers are familiar with and actively manage. On the other hand, our analysis 
does not incorporate qualitative expert assessment metrics, such as shade or 
drought tolerance, seedling establishment and other regeneration charac-
teristics, resistance and resilience to disturbance and pollution, community 
associations, or other competitive interactions. Although some of these are 
implicitly included in our SDM approach, others are not. There are also un-
certainties associated with the SDMs and our relatively simplistic treatment 
of dispersal, propagule pressure, and fragmentation. Nonetheless, our ap-
proach clearly identifies vulnerable and resilient species and landscapes, and 
can help inform a variety of management activities within and across the 
Appalachian LCC and the eastern United States.
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Effects of climate change over the next century will have important conse-
quences for freshwater fish distributions and abundance. A fish’s body tem-
perature closely mirrors that of its environment. Consequently, the physi-
ology, ontogeny, and life histories of freshwater fishes are regulated by the 
timing and magnitude of streamflow and temperature regimes, which are 
directly influenced by climatic conditions. 

Here, we focus on the likely effects of climate change on native trout 
in the eastern and western portions of the United States. Over the past two 
decades, concerns have been growing about the effects of climate change 
on fishes in the salmonid family (Keleher and Rahel 1996). Such concerns 
stem from the strong relationships between salmonids and streamflow 
(Latterell et al. 1998; Hakala and Hartman 2004) and water temperature 
(Bulkley and Benson 1962; Dunham, Schroeter, and Rieman 2003). 

Native trout species across North America have experienced dramatic 
reductions in distribution and abundance. Declines of native cutthroat 
trout subspecies (westslope and Yellowstone cutthroat trout, Oncorhyn-
chus clarkii lewisi and O. c. bouvieri) and bull trout (Salvelinus confluentus) in  
western North America and of native brook trout (S. fontinalis) in eastern 
North America (Flebbe, Roghair, and Bruggink 2006; Hudy et al. 2008) 
have largely been attributed to anthropogenic-related factors (figs. 12-1 and  
12-2; Shepard et al. 1997; Shepard, May, and Urie 2005; US Fish and Wild- 
life Service 2008; Gresswell 2011). Disease pathogens, especially exotic 
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pathogens, have been shown to impact native trout (Koel et al. 2006). 
Overharvest was likely an important historical threat, but this threat has 
been much reduced through restrictive harvest regulations throughout the 
ranges of native trout (Shepard, May, and Urie 2005). Habitat modifica-
tions by humans have dramatically reduced coldwater habitats throughout 
the United States (Hudy et al. 2008; Torterotot et al. 2014), and water 
withdrawals for agricultural, industrial, and domestic uses have consider-
ably reduced base flows in many streams and rivers (Walters, Bartz, and 
McClure 2013). 

Nonnative fishes, particularly nonnative salmonids that have been 
introduced to provide recreational sport fisheries, threaten many extant 
populations of native trout (Larson and Moore 1985; Krueger and May 
1991; Quist and Hubert 2005) through both hybridization (Rhymer and 
Simberloff 1996) and competition (Shepard 2010). Hybridization can 
compromise entire genomes, while loss of allelic diversity is a risk many 
isolated populations currently face (Humston et al. 2012). The added im-

Figure 12-1   High-priority river basins (gray shading) and two river basins where 
opportunities for expansion make them high-priority basins (dot stippling) within 
the historical range of Yellowstone cutthroat trout (YCT). Gray lines show current 
distributions of designated conservation populations of YCT. (Draft from Yellow-
stone Cutthroat Trout Conservation Work Group, Helena, Montana.)
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pacts of acid precipitation and mine drainage have likely also contributed 
to declines of brook trout (fig. 12-2; Neff et al. 2009; Jastram et al. 2013).

Native trout in the western and northeastern United States evolved 
over tens of thousands of years, and current distributions resulted from 
these trout recolonizing habitats as continental glaciers receded eight to 
twelve thousand years ago (Behnke 1992). Native trout in the southeastern 
United States were not exposed to continental glaciers in the last two to 
three hundred thousand years and therefore have been isolated for con- 
siderably longer periods than species in the West and Northeast (Rash, Lu-
binski, and King 2014). As the continental glaciers receded, climatic condi-
tions fluctuated with periods of time that were both much colder and much 

Figure 12-2  Range loss of eastern brook trout based on 2008 rangewide assess-
ment. (From http://easternbrooktrout.org.)
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warmer than the present. Native trout populations persisted throughout 
this time period, even in the face of these climatic shifts. However, the 
threats discussed above that are related to human activities have increased 
the risk of extinction for many populations of native trout. Additional 
stresses from a rapidly changing climate may tip the balance for many of 
these species unless conservation actions are taken to secure them. We dis-
cuss how climate may interact with these current threats to native trout in 
the eastern and western United States and what national parks may offer 
for conserving the coldwater habitats these species require.

Effects of Climate Change on Aquatic Environments 

Climate change is anticipated to alter current water temperature and hy- 
drologic regimes. Long-term data clearly indicate that stream and river  
temperatures track air temperatures and that warming of rivers has oc- 
curred over the last fifty to one hundred years (Mosheni, Stephan, and Eaton 
2003; Webb and Nobilis 2007). Some hydrologic features—such as glaciers, 
headwater lakes, and groundwater springs—can mediate temperatures, 
often resulting in lower variability in thermal regimes. However, climate 
changes may more rapidly affect these features, leading to higher variability 
in thermal regimes. The effects of a changing climate will vary by region, 
but most climate predictions provide strong evidence for an increase in 
summer air temperatures and, concomitantly, summer water temperatures 
(Eaton and Scheller 1996). Thermally suitable salmonid habitat in streams 
of the eastern United States may be more spatially dispersed than in streams 
of the western United States as a result of the dominance of snowmelt  
or glacial hydrology in the West versus the dominance of groundwater– 
surface water interactions in the East (Trumbo et al. 2014). The presence 
and volume of groundwater–surface water interfaces will likely influence 
the thermal resiliency of native trout habitat. 

While there is evidence that climate change has influenced, and will 
continue to influence, hydrologic regimes, these effects are less certain than 
those for temperature. Changes have already been demonstrated for large 
portions of the United States (Leppi et al. 2012). Effects of climate change 
on streamflows will likely vary more by region than effects for temperature. 
Current climate models indicate that summer base flows will be lower in 
most areas, thus reducing the amount of available habitat (space) for fish 
(Ruesch et al. 2012). It is likely that snowmelt peak flows will occur earlier 
in most areas, but uncertainty exists for how magnitudes and durations 
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of peak streamflows will change. Rain-on-snow winter peak flow events 
will likely become more frequent. Along with climatic influences on flows, 
human demand for water is increasing (Haddeland et al. 2014), which is 
likely to have direct implications for native coldwater fish (Van Kirk and 
Benjamin 2001). 

Climate Change Effects on Native Trout

Water temperature regimes are changing, and seasonal variation in tem-
perature is important for salmonid population dynamics. Temperature af-
fects survival and growth of trout, especially younger fish, and can influence 
reproductive success.

Summer water temperatures are now staying warmer for longer pe-
riods of time, with concomitant increases in peak water temperatures 
(Kanno et al. 2015; Rice and Jastram 2015). Extending a fish’s potential 
growth season by having water temperatures warm earlier in the spring and 
remain warm later into the fall will provide longer growing seasons (Al-
Chokhachy et al. 2013). Xu, Letcher, and Nislow (2010) showed increas-
ing brook trout growth with increasing water temperatures but also found 
an interactive effect of temperature with flow. However, higher maximum 
annual water temperatures may exceed a trout’s thermal tolerance, result-
ing in direct mortality events, or place additional stress on fish that would 
lead to slower growth, poorer reproduction success, and mortality caused 
as stressors accumulate over time. 

Fish, particularly salmonids, will move to more thermally suitable 
microhabitats or macrohabitats (i.e., local or regional thermal refuges) if 
they are available. At the macrohabitat scale, this can occur across latitude 
or elevation gradients. Because thermal differences are more subtle across 
latitudes than elevations, fish would need to move farther in a northern 
direction than up gradient in elevation to achieve the same magnitude of 
cooling. There is currently little opportunity for fish to make long move-
ments north, but there are some opportunities to move to higher elevations 
(Al-Chokhachy et al. 2013). 

Barriers to fish movement, especially those caused by humans in the 
last two centuries, have severely restricted opportunities for movement. 
This fragmentation of aquatic networks is particularly severe in the east-
ern United States, where brook trout have been shown to move between 
coldwater main stem and tributary habitats to track flow and thermal ref-
uges (Petty, Lamothe, and Mazik 2005). Unfortunately, most native brook 
trout streams have lost this connectivity (Kanno et al. 2014; Whiteley et 
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al. 2013). Humans may sometimes have to act as dispersal agents to move 
fish into thermally suitable habitats above fish barriers (Shepard, May, and 
Urie 2005). 

Thermally suitable microhabitats are often associated with ground-
water inputs, stratified lake habitats, vegetative or orthographic shading, 
or elevation gradients along streams, where fish can select water tempera-
tures across thermal gradients (Aunins et al. 2015). A stream’s sensitivity 
to changes in air temperatures is influenced by groundwater upwelling 
(Sinokrot et al. 1995), but groundwater temperatures will also respond 
to changes in air temperatures—Kurylyk, MacQuarrie, and Voss (2014) 
found that groundwater temperatures are close to annual mean air temper-
atures. Groundwater upwelling areas cause patchiness in thermal habitat 
for fish as well as spatial structure in how stream reaches will respond to 
increasing air temperature. Groundwater upwelling may increase the time 
lag for thermal habitat to become unsuitable for native trout but may in-
crease population fragmentation. In winter months, groundwater upwell-
ing zones are generally warmer than ambient stream temperatures, which 
may increase survival of salmonids, especially during early life history stages 
(Baxter and McPhail 1999).

Water temperatures and flows provide cues that trigger critical behav-
iors in salmonids, such as spawning, hatching, emergence, movements, and 
feeding. Changes in hydrologic regimes, particularly lower base flows and 
more variable peak flows, will likely change timing of these important life 
history events. Connections between tributaries and main stem river habi-
tats are often dependent on high flows that scour stream mouth delta sedi-
ments and on higher base flows that allow surface flow to persist in lower 
reaches of tributary streams (National Park Service 2010). Winter precipi-
tation is expected to increase in the northeastern United States (Horton 
et al. 2014). Higher winter and peak spring flows could reduce embryo 
survival of fall and early spring spawning fish by scouring streambed grav-
els and crushing or dislodging incubating embryos (Kondolf et al. 1991; 
Kanno et al. 2015). Shorter-duration peak flows coupled with extended 
periods of lower base flows during summer months could reduce growth 
and survival by delivering less food to fish (Xu, Letcher, and Nislow 2010; 
Kanno et al. 2015).

Indirect Effects of Climate Change on Native Trout

Changing climatic conditions are likely to indirectly influence native salmo-
nids by creating conditions that are more favorable for nonnative species 
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(McMahon et al. 2007; Wenger et al. 2011). Hitt et al. (2003) observed 
a stepping-stone model of rainbow trout (Oncorhynchus mykiss) introgres-
sion into westslope cutthroat trout via admixed population dispersal that 
was not constrained by thermal gradients (cold water) or stream gradi-
ents. Muhlfeld et al. (2014) showed that increasing water temperature fa-
cilitates this introgression. Nonnative species can also impact native trout 
by gametic wastage (DeHaan, Schwabe, and Ardren 2010), competition 
(Hasegawa and Maekawa 2006), and predation (Martinez et al. 2009). In 
many instances, nonnative species have broader or higher thermal toler-
ances than natives (Bear, McMahon, and Zale 2007; Wenger et al. 2011). 
Such differences in thermal tolerances and metabolic rates are likely to favor 
nonnative species for both suitable habitat (Rahel and Olden 2008) and 
growth rates (Al-Chokhachy et al. 2013).

Changing thermal regimes are expected to increase the vulnerability of 
salmonids to the invasions of cool-water and warmwater fishes (Sanderson, 
Barnas, and Rub 2009). Species such as smallmouth bass (Micropterus do-
lomieu), a cool-water predator, are continuing to expand their distribution 
(Lawrence et al. 2014). Extant populations of native coldwater species that 
are proximate and accessible to source populations of cool-water nonnative 
species are particularly vulnerable. 

Reduced summer base flows and increasing temperatures under chang-
ing climatic conditions are also likely to increase the exposure of fishes to 
disease. Disease resistance for coldwater fishes such as salmonids decreases 
with increased thermal stress (Marcogliese 2001). Some diseases or their 
hosts may be limited by cold temperatures, and changing thermal regimes 
may increase the within and among year vulnerability to infection (Koel et 
al. 2006). 

Climate Change Impacts on Important Coldwater  
Sport Fisheries

We recognize that nonnative trout provide important sport fisheries in 
many areas, and we are not advocating replacing most nonnative trout 
populations with native trout. In natural systems native fish species pro-
vide ecological, evolutionary, and socioeconomic values, but in disrupted 
systems nonnative species may represent the only opportunity to provide 
these socioeconomic and ecological values (Fausch et al. 2009). Thus, in 
highly disrupted systems, evolutionary values provided by native fish may 
be lost and nearly impossible to recover. 
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Quist and Hubert (2004) discuss the trade-offs between the conser-
vation of native cutthroat trout by removing nonnative trout in terms of 
ecological function, socioeconomic costs and benefits, and loss of evolu-
tionary capacity. They suggest that economic benefits may often not justify 
costs. Managers and the public will need to make hard choices regarding 
the allocation of shrinking coldwater habitats for important sport fisher-
ies supported by nonnative species versus conservation of native species. 
Providing native trout sport fishing opportunities may be one alternative 
to this dilemma.

Uncertainty Associated with Response of Trout to Climate Change

We acknowledge that there are uncertainties related to how trout might 
respond to changes in climate. Because of their genetic and behavioral plas-
ticity, salmonids have a relatively high capacity to respond to their environ-
ment. Brook trout have demonstrated responses to variable environmental 
conditions by changing their feeding behaviors, growth rates, and body 
shape (Hutchings 1996). Cutthroat trout can shift life history behaviors 
between resident and migratory forms (Johnson et al. 2010). Bull trout 
have been shown to respond to changes in density through changes in 
growth, survival, and reproductive life-history characteristics (Johnston 
and Post 2009). This plasticity will likely allow these salmonids to respond 
to climate changes over short and long time frames (Crozier et al. 2008). 

Many native salmonid populations persist in headwater areas above 
fish barriers (Shepard et al. 1997; Shepard, May, and Urie 2005). While 
these isolated populations are at a higher risk for extinction due to stochas-
tic demographic or environmental processes, they will be less vulnerable to 
warming because of their locations in higher, colder habitats. We caution 
that spatial variability in how climate change will affect aquatic environ-
ments, plasticity in fish responses, invasions by exotic species, and interac-
tions of many biotic and abiotic parameters will increase the uncertainty 
of how climate change might influence a specific fish species in a specific 
location.

Climate Adaptation or Mediation Measures

Prioritizing conservation for native fish in the context of climate change 
can provide a framework for management priorities across a species’ range. 
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This type of prioritization effort puts conservation actions in perspective 
at a variety of spatial and temporal scales and can be used to allocate scarce 
conservation resources to locations and actions that will have the highest 
likely return. While climate change often will not be the primary criteria for 
prioritizing conservation areas or actions, these potential effects should be 
considered. The highest priority should be given to securing extant popula-
tions, especially groups of connected populations (Hitt and Roberts 2012). 
Securing extant populations in national parks should be a high priority be-
cause this is already a mission of the National Park Service. Actions to se-
cure extant populations may include the following:

• eliminating risks posed by nonnative species by preventing their move-
ments into habitats occupied by native species

• restoring occupied habitats to more natural conditions
• maintaining or increasing genetic diversity

The next priority should be expanding extant populations into con-
nected, unoccupied habitats. Finally, translocations of fish into suitable, va-
cant habitats within their historical range should be considered (Minckley 
1995). Vacant habitats could be naturally vacant or a result of physical or 
chemical removal of nonnative fish. We caution that habitats that histori-
cally did not support fish populations may support unique aquatic commu-
nities, and managers should conduct a careful biological assessment for any 
translocation of fish but especially into these habitats (George et al. 2009).

Extant groups of populations offer the best option for long-term per-
sistence of native communities. For these connected populations, limited 
human intervention is needed because natural processes of local extinction 
and recolonization can operate over a broad landscape that may buffer the 
potential effects of climate change. Eliminating threats posed by nonnative 
species and providing adequate habitat protection are usually the biggest 
challenges to preserving larger groups of connected populations. Com-
monly, a barrier is necessary to secure these populations from invasion by 
nonnative species (Torterotot et al. 2014). National parks can provide core, 
high-elevation strongholds for coldwater species (figs. 12-1 and 12-2), but 
these habitats often need to be linked to lower-elevation, larger, and more 
productive habitats located outside of parks. Conservation of large groups 
of connected populations often requires managing across management ju-
risdictions, thus presenting additional challenges, but benefits from these 
types of projects include leveraging of funding and sharing field personnel 
to complete large, logistically complex projects. 
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Where nonnative species pose a risk of invading habitats occupied by 
native species and no natural barriers are present, a decision needs to be 
made whether to construct a fish barrier (Fausch et al. 2009). Fish barriers 
have commonly been used to secure native trout in headwater reaches from 
invasion by nonnative fish, especially those that pose a risk of hybridization 
(Simmons, Lavretsky, and May 2010). Peterson et al. (2014) used empiri-
cal evidence to conclude that cutthroat trout populations persisted in rela-
tively small habitat patches (1 to 9 miles, or 2 to 14 kilometers) above bar-
riers for decades to a century, depending on the quality of the local habitat. 
Since headwater habitats currently support many of the extant populations 
of native trout and are some of the coldest habitats remaining, these areas 
are likely to remain thermally suitable in the face of climate change, so con-
serving native trout in these headwater areas should be a priority, even if it 
means isolating these areas with barriers. However, isolation may result in 
the loss of genetic variability, and human-assisted dispersal of a few geneti-
cally pure individuals may be warranted (Frankham 2010).

When nonnative fish occur together with native fish, removal or sup-
pression of these nonnative fish is usually necessary to conserve the native 
fish. In small streams and many lakes, this may be accomplished using 
physical removal techniques, including netting, angling, and electrofishing 
(Moore, Larson, and Bromfield 1986; Kulp and Moore 2000; Shepard et 
al. 2014). Unfortunately, physical techniques are often ineffective in larger 
waters and piscicides, such as rotenone, are usually necessary to eradicate 
nonnative species. Projects to suppress or eradicate nonnative fish species 
have been implemented in Yellowstone (Gresswell 1991; Koel et al. 2005), 
Crater Lake (Buktenica et al. 2013), and Great Smoky Mountains national 
parks (Moore, Larson, and Bromfield 1986).

Where nonnative species have been eliminated and habitats have  
been degraded, habitat restoration can increase the security of native fish 
populations. Large-scale restorations of anadromous salmonid habitats 
have been completed in Olympic National Park and at Point Reyes Na-
tional Seashore (Duda, Freilich, and Schreiner 2008; Miller 2010). Fur-
thermore, novel approaches, such as groundwater upwelling manipula-
tions, may be necessary to provide more suitable thermal conditions for 
salmonids (Kurylyk et al. 2015).

Translocations of native species into vacant habitats within their his-
torical ranges have frequently been accomplished, and selection of trans-
location sites should consider climate change (Cooney et al. 2005). These 
projects often require extensive collaboration. For example, biologists from 
Yellowstone National Park, Gallatin National Forest, Turner Enterprises, 
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and Montana Fish, Wildlife and Parks recently worked together in Grayling 
Creek, located in western Yellowstone National Park, to construct a barrier 
near its mouth and remove hybridized and nonnative trout above this bar-
rier. These efforts will provide a large headwater refuge for westslope cut-
throat trout and native fluvial Arctic grayling (Thymallus arcticus).

Angling regulations and special angling closures may be necessary to 
protect both native and nonnative coldwater fish species as water tem-
peratures increase. Boyd et al. (2010) evaluated thermal effects on catch-
and-release angling mortality for several species of salmonids and found 
relatively high angling mortality for mountain whitefish at higher water 
temperatures.

Fish Management and Conservation in Yellowstone National Park

Yellowstone National Park has a core of high-priority basins for Yellow-
stone cutthroat trout (YCT; fig. 12-1). The park contains hundreds of 
lakes and thousands of kilometers of flowing waters. While native fish were 
widely distributed throughout the park, nearly half of the park’s waters 
were historically fishless. However, soon after the park was established, its 
aquatic species composition began to change. The US Fish Commission 
and park managers began planting native fish in fishless waters in 1881 and 
started bringing nonnative species into the park by 1889 (Varley 1981). 
The purpose of these releases was to meet a public demand for recreational 
and subsistence fisheries. Most of the nonnative fish introductions were 
trout species, most notably brook trout, brown trout (Salmo trutta), and 
rainbow trout. Native YCT of Yellowstone Lake were stocked extensively, 
both within and outside their native range. From the early 1880s to the 
mid-1950s, almost all park waters, including most remote backcountry lo-
cations, were stocked. By the 1950s, nonnative sport fish were established 
in most major waters in the park. 

The 1950s marked a paradigm shift in fisheries management in Yellow-
stone as stocking for recreational purposes was abandoned in favor of wild 
fish management and native species conservation. By then, over 300 mil-
lion fish had been stocked in park waters, and nonnative species were firmly 
established in most lakes, rivers, and streams. Of the 400 miles (about 640 
kilometers) of river habitat that originally supported native fish when the 
park was established, only 30 miles (about 50 kilometers) currently support 
only native fish that are genetically unaltered, while 460 miles (about 740 
kilometers) now contain native species along with nonnative or hybrid-
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ized trout. At present, river dwelling Arctic grayling are completely gone 
from park waters, westslope cutthroat trout currently remain in only a few 
streams, and YCT face serious threats in the few waters where they remain. 

The Yellowstone Lake drainage above Upper Yellowstone Falls repre-
sents the largest remaining undisturbed habitat for a genetically pure YCT 
population with high ecological, economical, and social values. YCT are a 
valuable food source for several species of birds and mammals, including 
grizzly bears, otters, eagles, white pelicans, and osprey. YCT are the basis 
for a valuable sport fishing economy in communities surrounding the park, 
attracting anglers from across the world. 

Lake trout were discovered in Yellowstone Lake in 1994. They are 
highly predatory and have virtually eliminated cutthroat trout in other lakes 
in the western United States where they have been introduced (Martinez et 
al. 2009). In 1995, a panel of fisheries experts projected that without con-
trol of lake trout in Yellowstone Lake, native YCT would be reduced to a 
mere fraction of their historical levels or functionally eliminated. Efforts to 
restore cutthroat trout and the ecology of the Yellowstone Lake focused on 
the suppression of nonnative lake trout using gill and trap nets. Physical re-
moval of lake trout from 1995 to 2014 has increased cutthroat trout abun-
dance, especially as removal efforts increased from 2012 to 2014. More 
than 877,000 (51 percent) of the 1.7 million lake trout killed since 1994 
were captured during 2012 to 2014. Catch per effort declined from 6.3 in 
2012 to 4.8 in 2013 and to 3.7 in 2014, indicating that the population of 
lake trout decreased during this period.

Hybridization of cutthroat trout as a result of rainbow trout range 
expansion continues to be the greatest threat to native fish populations 
in waters outside the Yellowstone Lake ecosystem. Two important cut-
throat trout strongholds, Slough and Soda Butte creeks in the Lamar River  
watershed, have been invaded by rainbow trout during just the past ten 
years, and hybridization of the native cutthroat trout in those creeks has 
begun.

Over the past decade, Yellowstone National Park has restored, or is 
currently restoring, native trout to 51 miles (82 kilometers) of four stream 
systems and to 50 acres (20 hectares) of four lakes using rotenone. Native 
trout are also being preserved by suppressing nonnatives via electrofishing 
in Slough and Soda Butte creeks in the Lamar River drainage. 

Since most of Yellowstone Park is at the highest elevations within the 
historical ranges of native YCT, westslope cutthroat trout, and Arctic gray-
ling, conservation and restoration of these species in this park should be 
a high priority because this area should be relatively resistant to climate 
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change effects. In particular, the Yellowstone Lake ecosystem is critically 
important for the conservation of YCT because this large lake can buffer 
climate effects; however, the invading lake trout must be suppressed.

Fish Management and Conservation in Great  
Smoky Mountains National Park

Although once thought to occupy up to about 5,000 miles (about 8,000 
kilometers) of coldwater habitat throughout their native range in the east-
ern United States and Canada, today brook trout occupy about 72 percent 
of this range and only 62 percent of their historic southern Appalachian 
range (Hudy, Roper, and Gillespie 2007). In Great Smoky Mountains Na-
tional Park, the range of brook trout has declined approximately 70 percent 
since 1900. Concomitantly, range expansion of rainbow trout into streams, 
which previously only supported brook trout, equaled the range loss (Lar-
son and Moore 1985). From 1976 to 1998, the range of southern Appala-
chian brook trout did not change (Strange and Habera 1998). 

Initial losses of brook trout from much of their historical range were 
attributed to logging and resultant water quality degradation (King 1937). 
By 1910, brook trout were virtually eliminated from areas of streams below 
about 3,000 feet (about 900 meters) in elevation. Local residents began 
putting pressure on local managers and politicians because they had no fish 
to catch. To meet their demands for recreational angling, logging compa-
nies—followed by the National Park Service—stocked about 1.4 million 
nonnative rainbow trout and 800,000 northern-strain brook trout between 
1934 and 1975 (Kulp and Moore 2000). Until 1974, Great Smoky Moun-
tains National Park staff saw no harm in stocking rainbows and believed 
that, as reforestation occurred in logged-over areas, brook trout would re-
claim their lost range. However, distribution surveys in the 1970s found 
brook trout were extirpated from 45 percent of the range that they had 
exclusively occupied previously (Kelly, Griffith, and Jones 1980) and that 
this decline was directly attributed to the expansion of rainbow trout (Lar-
son and Moore 1985). 

Native brook trout were restricted to marginal headwater streams, and 
numerous populations that were previously considered secure had declined 
or been extirpated due to low pH associated with acid deposition (Neff et 
al. 2009). Many streams that had pH values from 5.5 to 6.5 during base 
flow conditions experienced a significant drop in their pH (1.0–2.0 units) 
when intense storms increased flows, which led to elevated proton and 
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aluminum concentrations toxic to brook trout (Neff et al. 2009, 2013). 
These episodic events were believed to be the dominant cause of lethal and 
sublethal toxicity to trout, leading to the extirpation of native brook trout 
in six Great Smoky Mountains National Park headwater streams over the 
past two decades (Neff et al. 2009). These findings increased the urgency 
of restoring mid- to low-elevation stream segments identified in the Great 
Smoky Mountains National Park Fishery Management Plan to provide 
long-term refuges for native brook trout. 

Research concluded that successfully restoring brook trout to larger 
streams required the use of piscicides to ensure that nonnative rainbow 
trout were eradicated (Moore et al. 2005). In 1996, because of increased 
concerns related to acid deposition and headwater range loss, Great 
Smoky Mountains National Park fishery staff evaluated the piscicide Fin-
trol® (antimycin) for eradicating rainbow trout in larger streams (Moore 
et al. 2005). Twenty streams covering 40 miles (65 kilometers) met the 
following selection criteria for restoration: (1) a suitable barrier to rein-
vasion, (2) a historical record of brook trout in the stream segment, and 
(3) a feasible size that would not impact a large number of nongame  
fish species. Brook trout have been restored in three of these streams total-
ing 15 miles (24 kilometers) since 2000 (Moore et al. 2005). All of these 
streams were reopened to fishing.

To date, Great Smoky Mountains National Park has restored brook 
trout to 27 miles (44 kilometers) of eleven streams (Kulp and Moore 
2000). Roughly 11 miles (18 kilometers) of the park’s streams remain for 
potential restoration. Future brook trout restoration priorities in Great 
Smoky Mountains National Park will focus on stream segments at low 
elevations in order to minimize projected acid deposition impacts (Ellis 
et al. 2013), in subwatersheds where genetically robust source stocks are 
available (Whiteley et al. 2013), and where the potential for establishing 
connected populations is highest. Future restoration efforts may also focus 
on genetic rescue in order to improve genetic fitness and sustain healthy 
populations rather than moving isolated populations with low allelic rich-
ness (Whiteley et al. 2013). Park staff have also worked with federal and 
state agency partners to restore southern Appalachian brook trout in two 
streams in Tennessee and two in South Carolina.

As climate change effects continue, there will be increased pressure on 
National Park Service managers to take bolder steps to preserve and im-
prove habitat currently and formerly occupied by brook trout. Such bold 
steps could include large-scale liming of high-elevation watersheds and 
recommendations for more restrictive air quality regulations. Another step 
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could be the implementation of more radical programs, such as a Trojan Y 
Chromosome (TYC) program for rainbow trout, in which hatchery-pro-
duced genetically YY male fish (known as supermales) could be regularly 
released into an undesired population over time, skewing the population 
toward 100 percent males over time, theoretically resulting in population 
extirpation. Although some programs, including TYC, have not been fully 
vetted, new and innovative approaches should be considered in order to 
protect and preserve native brook trout.

Conclusion

Our climate is changing, and these changes will undoubtedly affect native 
fish distributions, timing of life history events, survival rates, and invasion 
success of nonnative fish. In some cases, habitats that are currently only 
marginally suitable for native fish because they are too cold will become 
suitable, but in most cases habitats that are now suitable or marginally suit-
able because they are too warm will become less suitable or uninhabitable. 
Human impacts have already reduced distributions and abundances of 
many native fish species, and these human impacts will also increase over 
time as the human population grows. The synergistic effects of these hu-
man impacts and climate change dictate that we take aggressive conser-
vation actions if we wish to preserve our native fish species, particularly 
coldwater species such as trout. National parks offer us an opportunity to 
preserve native fish under the reality of climate change because native fish 
conservation is a mandate for the National Park Service and many parks are 
located at the highest elevations in many regions of the United States.
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PART 4

Managing under Climate Change

Parts 2 and 3 of the book are largely based on climate and ecological sci-
ences. Large data sets derived from both satellite and ground-based sensors 
are used to parameterize sophisticated simulation and statistical models to 
understand how global stressors are experienced locally by managers of 
protected areas. These analyses are carefully crafted to address spatial and 
temporal scales that would best provide insights into local dynamics in the 
context of regional to continental trends. Interestingly, as complicated as 
these analyses and results may be, they are much more tractable than the 
steps of the Climate-Smart Conservation framework that involve manage-
ment. As clearly elucidated in this final part of the book, resource manage-
ment is the product of a complicated social system that involves science, 
education, policy, budgets, economics, interagency cooperation, commu-
nication, and complex stakeholder partnerships. Thus, it is not surprising 
that progress on the science components of the Climate-Smart Conserva-
tion framework has outpaced that of the management components. 

Be this as it may, the infrastructure and capacity for climate adaptation 
is in a state of rapid evolution. Chapter 13 overviews the advances that 
have been made by federal land management agencies over the past five-
year period of activities that we cover in this book, and it highlights several 



258 managing under climate change

specific case studies illustrating recent progress in climate adaptation. Chap- 
ter 14 covers similar topics but from the perspective of resource specialists 
in Rocky Mountain National Park. This chapter might be considered a 
“must read” for managers elsewhere who are just beginning to work in 
the climate adaptation planning arena. One conclusion from chapter 14 is 
that at least ten years of team and capacity building are needed to begin to 
handle the extreme climate and disturbance events that are becoming more 
frequent under climate change. 

Chapter 15 focuses on one such extreme event in the Greater Yel- 
lowstone Ecosystem: the massive mortality of mature whitebark pine, the  
keystone subalpine species in that ecosystem. It is in chapter 15 that all 
the steps of the Climate-Smart Conservation framework are demonstrated. 
Despite challenges to park planning, interpretive programs, budgets, and 
interagency collaboration, park resource managers have developed, im- 
plemented, and evaluated active management to restore this species in the 
face of climate change. The prognosis for success is unknown at this time. 
However, the approach that has been pioneered for this “early responder” 
to climate change provides a road map for active management for the many 
other species that will be responding to climate change in the years and 
decades ahead. 

The final chapter in this part returns to the overarching mission in  
conservation that was introduced early in the book: sustaining the ecologi-
cal integrity of ecosystems. The Climate-Smart Conservation framework is 
an approach for attempting to sustain elements of ecosystems that are most 
vulnerable to climate change. Chapter 16 asks a fundamental question of 
the ecological science conducted to date in the Greater Yellowstone Eco- 
system: how well are we sustaining ecological integrity in this iconic wild-
land ecosystem within a humanizing planet? The answer is perhaps sur-
prising, given that this is one of our best studied wildland ecosystems. Es-
sentially, we observe that it is very difficult to know how well ecological 
integrity is being sustained, largely because of a lack of monitoring on the 
private lands throughout the ecosystem. 

This realization is a wake-up call for the need to foster broader part-
nerships among federal, state, and private lands and to better use our vast 
remote sensing and scientific analyses capabilities to quantify the condition 
of our wildland ecosystem and communicate the results to stakeholders and 
decision makers in ways they find meaningful.



259

Only five years ago, Halofsky et al. (2011) wrote: “For climate change 
adaptation, there is no recipe, no road map, and yet no time to lose; sci-
ence and management partners must tackle the climate change issue in a 
timely way, despite uncertainty.” Later that same year, the National Wildlife 
Federation, in partnership with authors from federal, state, university, and 
other nongovernmental organizations, published one piece of a road map: 
Scanning the Conservation Horizon: A Guide to Climate Change Vulnerability 
Assessment (Glick, Stein, and Edelson 2011). The four steps described in 
Scanning, introduced in chapter 2, are an excellent introduction to devel-
oping and using climate change vulnerability assessments in planning and 
management of public lands. 

However, as managers try to implement climate change adaptation  
actions, the four steps from Scanning serve the role of high-level strategy. 
More development and definition are needed to make decisions actionable. 
That development and definition are contained in the follow-up docu-
ment Climate-Smart Conservation: Putting Adaptation Principles into Practice 
(Stein et al. 2014). Climate-Smart Conservation serves as an implementation 
handbook for putting the concepts developed in Scanning into action. 

This chapter discusses the approaches, challenges, and opportunities 
with using climate change vulnerability assessments in planning and man-
aging public lands, specifically addressing steps 4 to 6 of the Climate-Smart 
Conservation framework (see chapter 2 for more information on Climate-
Smart Conservation). We focus on the progress made since the US Depart-
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ment of the Interior, the US Department of Agriculture, the National Park 
Service, the US Fish and Wildlife Service, and the US Forest Service devel-
oped climate change strategies in 2010, and we highlight some of the key 
programs and workshops that have contributed to this progress, including 
ones highlighted in other “case study” chapters of this section.

Approaches for Adaptation Options

Climate-Smart Conservation is the intentional and deliberative consid-
eration of climate change in resource management, realized through set-
ting forward-looking goals and linking actions to key climate impacts and 
vulnerabilities (Stein et al. 2014). The seven steps of the Climate-Smart 
Conservation framework provide guidance to federal managers who are 
beginning to gauge the effectiveness of current management approaches 
under future climate change. Previous chapters have focused on defining 
planning purpose and objectives (step 1), assessing climate impacts and 
vulnerabilities (step 2), and reviewing/revising conservation goals and ob-
jectives to ensure they are climate informed and forward looking (step 3). 
This chapter focuses on step 4 (identifying possible adaptation options), 
step 5 (evaluating and prioritizing adaptation actions), and step 6 (imple-
menting priority adaptation actions). 

We draw from experience with the Landscape Climate Change Vulner-
ability Project (LCCVP), both from our engagement in LCCVP activities 
and from leadership and participation in other collaborative efforts, such as 
the Great Northern Landscape Conservation Cooperative (Great Northern 
LCC), the Crown Managers Partnership, the Greater Yellowstone Coor-
dinating Committee (GYCC), the Northern Rockies Adaptation Partner-
ship (NRAP), and the Yale Framework. We also rely on published litera-
ture to analyze how federal land managers are identifying, evaluating, and 
implementing adaptation actions on federal lands and discuss some of the 
challenges and opportunities that arise when managing for climate change 
adaptation.

Identify Possible Adaptation Options

Several frameworks that outline climate change adaption options have been 
proposed since the US Climate Change Science Program (CCSP) published 
Science Assessment Product 4.4 in 2008 (SAP4.4, summarized in West et 
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al. 2009). The SAP4.4 reasons that many of the best management prac- 
tices for existing stressors—land use change, invasive species spread, air and 
water pollution—can help reduce the exacerbation that climate change will 
have on already stressed resources. Seven “adaptation approaches” (some-
times called the seven “Rs”) are suggested to maximize ecosystem resilience 
to climate change: (1) promote Resilience by protecting key ecosystem fea-
tures, (2) Reduce anthropogenic stressors, (3) promote Representation, 
(4) promote Replication, (5) practice Restoration, (6) establish Refugia, 
and (7) facilitate Relocation (Todd et al. 2013). 

The Yale Framework team (Schmitz et al. 2015) framed adaptation 
options to protect biodiversity at three levels of ecological organization 
(species, ecosystems, and landscapes). The options include the following: 
(1) protect current patterns of biodiversity, (2) protect large, intact natural 
landscapes and ecological processes, (3) protect the geophysical setting, (4) 
identify and appropriately manage areas that will provide future climate 
space for species expected to be displaced by climate change, (5) protect 
climate refugia, and (6) maintain and restore ecological connectivity.

The National Fish, Wildlife and Plant Adaptation Strategy (NFWP-
CAS Steering Committee 2012), developed by over ninety scientists and 
natural resource managers from federal, state, and tribal agencies across 
the country, takes a holistic view of protecting resources, increasing knowl-
edge, and building capacity. NFWPCAS goals include the following: (1) 
conserve and connect habitat, (2) manage species and habitat, (3) enhance 
management capacity; (4) support adaptive management, (5) increase 
knowledge and information, (6) increase awareness and motivate action, 
and (7) reduce nonclimate stressors. The twenty-two landscape conserva-
tion cooperatives have adopted NFWPCAS into their strategic and science 
plans.

The frameworks described above are particularly powerful when ap-
plied together. Because the Yale Framework was specifically constructed  
so that adaptation approaches are applied across three levels of ecological 
organization, this framework forms the foundation of such a crosswalk, 
with the SAP4.4 and the NFWPCAS filling in action items and strate- 
gic gaps (Todd et al. 2013) (table 13-1). With geographic extent, planning 
goals, and audience in mind, managers can use this crosswalk to identify 
the types of strategies and actions that will conserve resources in a rapidly 
changing climate at different scales. Working at the landscape scale, across 
ecosystems, and across jurisdictional and political boundaries is critical 
given the scope of climate change impacts (McKinney, Scarlett, and Kem-
mis 2010).
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Table 13-1.   Framework for Identifying Climate Adaptation Actions, based on 
the Yale Framework, Science Assessment Product 4.4 (SAP 4.4), and National 
Fish, Wildlife and Plant Adaptation Strategy (FWP)

Levels of Ecological Analysis

  Species and Populations   Ecosystems   Landscapes

Strengthen current conservation efforts

Adaptation  
Objectives  Management Actions

Protect current  • Reduce anthropogenic • Reduce anthropogenic • Reduce anthropogenic 
patterns of   stressors (4.4, FWP)  stressors (4.4, FWP)   stressors (4.4, FWP) 
biodiversity • Protect key ecosystem • Protect key ecosystem • Protect key ecosystem 
  features (4.4)  features (4.4)   features (4.4)
 • Maintain represen-  • Maintain represen- • Maintain representation 
  tation (4.4)  tation (4.4)  (4.4)
 • Replication (4.4) • Replication (4.4) • Prevent, control invasive
 • Prevent, control  • Restore (4.4)  species (FWP) 
  invasive species • Prevent, control  
  (FWP)  invasive species (FWP)  
     
Protect large,  • Reduce anthropogenic • Slow and reverse • Slow and reverse habitat 
intact, natural    stressors (4.4, FWP)  habitat loss and  loss and fragmentation 
landscapes and     fragmentation (FWP)  (FWP) 
ecological    • Prevent, control invasive • Prevent, control invasive 
processes    species (FWP)  species (FWP)
    
Protect the  • Protect key ecosystem • Protect key ecosystem 
geophysical    features (4.4)  features (4.4) 
setting  

Anticipate and respond to future conditions

 Management Actions

Identify and  • Relocate organisms • Identify refugia (4.4) • Identify refugia (4.4) 
appropriately  (4.4) • Develop science to • Develop science to detect 
manage areas that  • Develop science to  detect and describe  and describe climate 
will provide future  detect and describe  climate impacts on fish,   impacts on fish, wildlife,  
climate space for  climate impacts on  wildlife, and plants and  and plants and ecosystems 
species expected  fish, wildlife, and  ecosystems (FWP)  (FWP) 
to be displaced by   plants and • Identify knowledge gaps • Identify knowledge gaps 
climate change  ecosystems (FWP)  and define collaborative  and define collaborative
 • Identify knowledge  research priorities (FWP) research priorities (FWP) 
  gaps and define  
  collaborative research 
  priorities (FWP)
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For the most part, federal land managers are just becoming aware of 
these frameworks; the frameworks typically have not yet been incorporated 
into day-to-day management decisions or even climate change planning. 
Importantly, although scientists and workshop facilitators understand 
and try to incorporate the frameworks into steps 4 and 5 to identify and 
prioritize adaptation actions, we have found in the workshops we have 
hosted, attended, or reviewed that managers often generate adaption op- 
tions from their own experience without the aid of frameworks. This is true 
in workshops sponsored by the Great Northern LCC to identify adaptation 
options for coldwater salmonids and aquatic ecosystems (http://www.eco 
adapt.org/workshops/GNLCC-adaptation-workshop) and NRAP (http: 
//adaptationpartners.org/nrap/); in the report Adapting to Climate Change 
in the Olympic National Forest and Olympic National Park (Halofsky et 
al. 2011); and in case studies associated with climate-smart training ses- 
sions focusing on Bandelier and Pecos national monuments (USFWS Con-
servation Training Center 2015). 

Table 13-1.   (Continued)

Levels of Ecological Analysis

  Species and Populations   Ecosystems   Landscapes

Strengthen current conservation efforts

Adaptation  
Objectives  Management Actions

Identify and  • Identify refugia (4.4) • Identify refugia (4.4) • Identify refugia (4.4) 
protect climate        
refugia   

Maintain and  • Protect key • Protect key ecosystem • Slow and reverse 
restore ecological   ecosystem features  features (4.4)  habitat loss and 
connectivity  (4.4) • Slow and reverse  fragmentation
 • Slow and reverse   habitat loss and  (FWP) 
  habitat loss and   fragmentation (FWP) • Identify, protect, restore,  
  fragmentation (FWP) • Identify, protect,   and establish new areas
 • Identify, protect,   restore, and establish  for an ecologically 
  restore, and establish   new areas for an  connected network of 
  new areas for an eco-  ecologically connected  conservation areas 
  logically connected   network of conser-  (FWP) 
  network of conserva-   vation areas (FWP) 
  tion areas (FWP)
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Lastly, the Adaptation for Conservation Targets (ACT) framework 
(Cross et al. 2012) explicitly relies on local managers’ knowledge to gener-
ate adaptation options; in fact, the ACT framework is based on the prem-
ise that adaptation to climate change can rely on local knowledge of an 
ecosystem and does not necessarily require detailed projections of climate 
change or its effects. Whether managers identify adaptation options by 
using an explicit framework, drawing from their own experience, or rely- 
ing on previous efforts, the goal of step 4 of the Climate-Smart Conser-
vation framework is to generate the broadest array of possible adaptation 
options for consideration in step 5 and implementation in step 6 (Stein et 
al. 2014).

Evaluate and Prioritize Adaptation Actions

After potential adaptation options (management actions) have been identi-
fied, they need to be narrowed down and prioritized by their relative feasi-
bility and desirability. Such decisions may be based on assessments that in-
clude costs, potential for successful conservation, uncertainty of outcome, 
consistency with agency policy, time frame of impacts, and public support. 
The chasm between identifying adaptation options and evaluating whether 
those options are truly feasible can be vast. Lemieux et al. (2011) surveyed 
Canadian scientists and managers and found a significant gap between the 
perceptions of the two groups in what constituted feasible adaptation op-
tions. In this study, a panel of scientists identified 165 adaptation options 
that they deemed to be desirable and feasible. A separate team of senior 
park agency decision makers reduced this list to the 56 most desirable 
adaptation options but determined that only two were “definitely imple-
mentable,” with constraints due largely to fiscal and capacity limitations. 

The ACT framework has a strong focus on, and is a good model for, 
evaluating feasibility of adaptation options. The feasibility matrix includes 
economic costs, regulatory constraints, social conflict, potential unintended 
consequences, synergies with other management objectives, potential for 
removal of the management action (if necessary), consistency with current 
management practice, and robustness to uncertainty in future climate pro-
jections. This approach was used successfully with state and federal fish and 
wildlife managers and scientists to evaluate the costs and benefits associated 
with three potential actions for managing Yellowstone River flows under a 
warmer and dryer climate (Cross et al. 2012). 

Lemieux et al. (2011) developed an ordinal scale to rank feasibility cri-
teria, including affordability, ease of implementation, institutional capacity, 
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and capacity to sustain actions over time. Nelson (2014) further developed 
this approach to have managers rank different adaptation options for re-
sources vulnerable to climate change in the Crown of the Continent area of 
Montana, British Columbia, and Alberta, defining four ordinal categories 
to rank options for effectiveness, feasibility (affordability), feasibility (legal, 
political, institutional, social barriers), and implementation status (from 
“currently being implemented” to “implementation not possible”). 

Managers we have worked with often assess feasibility using cost as  
a first filter: agency budgets are generally flat to shrinking and, in the words 
of a federal biologist, “a project without funding is just talk.” Other is-
sues that constrain feasibility are whether an action falls within current or 
projected agency policy, the level of uncertainty about projected resource 
impact, and perceived stakeholder buy-in to adaption actions. Some man- 
agers feel that areas managed for pristine conditions, such as wilderness or 
national parks, should not be actively managed and thus fulfill the role of 
acting as natural laboratories for monitoring and studying environmental 
change.

Implement Priority Adaption Actions

The ultimate goal of identifying, evaluating, and prioritizing adaptation 
options is to implement specific actions through agency land management 
plans and on-the ground decisions. Implementing climate change adapta-
tion actions is the most important step of the Climate-Smart Conserva-
tion framework, yet it is the step where, at least to this point, most efforts 
have stalled. Halofsky, Peterson, and Marcinkowski (2015) reviewed cli-
mate change adaption efforts within federal agencies during 2013–2014 
and found that successful adaption efforts on federal lands were the result 
of motivated managers and successful science–management partnerships, 
but they caution: “Mainstreaming of climate-smart practices in agencies 
has been slow to develop, probably because it has not been required at local 
to regional scales and because systems of accountability are rare.” Manag-
ers contend with a multitude of challenges when trying to intentionally 
add climate change actions to the management matrix (many of these are 
discussed in chapter 3). 

Climate change is mandated to be considered by agency managers 
in high-level unit plans, such as US Forest Service forest plans (Code of 
Federal Regulations 2012), National Park Service foundation documents 
(National Park Service 2012), Bureau of Land Management land manage-
ment plans, and US Fish and Wildlife Service refuge comprehensive con-
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servation plans (Czech et al. 2014). Thinking about climate change in these 
high-level plans is helping managers to understand the language, concepts, 
models, and tools of climate change adaptation. The US Forest Service has 
taken a step beyond high-level guidance by developing the Climate Change 
Performance Scorecard for national forests (US Department of Agriculture 
2011). The scorecard requires that each national forest conduct manage-
ment actions that reduce the vulnerability of resources and places to climate 
change.

Although guidance has been developed and is beginning to be used, 
few projects have actually moved beyond planning and into climate adapta-
tion action on federal lands (Halofsky, Peterson, and Marcinkowski 2015). 
Many managers have not yet moved forward—some feel that the informa-
tion available on climate change projections and resource vulnerability is 
simply not site specific enough to be actionable. In other cases, agencies 
have not yet developed specific guidance on climate change adaptation for 
managers to follow when developing environmental assessments or envi-
ronmental impact statements (National Park Service 2012). 

While adaption implementation on federal lands seems to be mov-
ing forward slowly, adaptation actions at local districts and field units are 
clearly underreported. For example, in recent meetings, we learned that 
staff are (1) using climate change projections from NorWest (Isaak et al. 
2011) to inform fisheries strategy on the Gallatin National Forest; (2) us-
ing a Greater Yellowstone Ecosystem Watershed Vulnerability Assessment 
to prioritize replacing culverts on the Bridger-Teton National Forest, thus 
reducing sedimentation in streams and improving water quality; (3) treat-
ing trees killed by a climate-induced beetle epidemic at Timpanogos Cave 
National Monument; and (4) working with The Nature Conservancy and 
the Wildlife Conservation Society to install beaver mimicry structures to 
restore riparian areas and wetlands on private and some public lands in the 
Madison and Centennial valleys in Montana. 

However, these local efforts do not roll up into regional or national 
reports or databases describing on-the-ground adaptation actions. To cite 
one example, only seven of eighty-two parks responded to a request for 
information about actions taken by parks to implement the National Park 
Service Climate Change Action Plan. Managers simply did not have time 
to respond, felt like the request was confusing, or didn’t believe local ad-
aptation efforts were significant enough to warrant including in a report. 
Agencies are taking steps to capture these types of management actions in 
relation to climate change—for example, the National Park Service is creat-
ing an adaptation database for parks that will help local managers report 
their successes as well as discover other projects. In addition, the GYCC 
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Adaptation Subcommittee is developing one-page briefing statements to 
capture examples of on-the-ground adaptation.

Challenges and Opportunities

Interest from federal agencies in mitigating and adapting to climate change 
impacts is increasing. With that interest, a suite of adaptation options have 
been identified (e.g., West et al. 2009; Cross et al. 2012; Schmidtz et al. 
2015; NFWPCAS Steering Committee 2012) and high-level strategies 
have been developed by several federal agencies (e.g., National Park Service 
2010; US Fish and Wildlife Service 2010; US Forest Service 2011; Coun-
cil on Climate Preparedness and Resilience 2014). 

Examples of managers implementing adaptation actions at the unit 
level are sparse, and some managers’ understanding of climate change ad-
aptation practices is limited (National Research Council 2010a, 2010b; 
Archie et al. 2012; Lemieux et al. 2013; Halofsky, Peterson, and Mar- 
cincowski 2015). Lemieux et al. (2013) surveyed managers and found 
that the greatest gap between perceived importance of climate change and  
implementing climate change actions was lack of adequate adaptation poli-
cies and lack of climate change adaptation activities that are well defined 
at the management unit scale. Archie et al. (2012) found that the most 
common barriers to adaptation planning were lack of information at rele- 
vant scales, budget constraints, lack of specific agency direction, and lack 
of useful information. The challenges that managers face when considering 
actions based on climate change vulnerability are well documented in 
chapter 3.

Despite these challenges, the US Government Accountability Office 
(GAO) reported that federal agencies have made some progress in planning 
and implementing climate change adaptation since they began tracking in 
2007. In 2007, GAO found that natural resource managers in federal agen-
cies lacked specific guidance for incorporating climate change into their 
planning efforts and management actions, and in 2009, GAO reported that 
climate change is a complex, interdisciplinary issue and that government-
wide adaptation planning and collaboration could assist climate change 
adaptation efforts. By 2013, GAO reported that the Departments of Ag-
riculture and the Interior had developed various mechanisms to address 
climate change impacts on natural resources. These mechanisms include 
climate change adaptation strategies within the departmental strategic 
plans, adaptation-related policies and guidance, and national interagency 
collaborative initiatives. In addition, the departments have both, in vari-
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ous ways, informed their respective agencies to begin addressing climate 
change adaptation (GAO 2007, 2009, 2013). 

The magnitude and expanse of climate change impacts will far ex- 
ceed the ability of any one federal unit, agency, or organization to effec-
tively respond in isolation. Collaboration between scientists and resource 
managers from different organizations and agencies will greatly assist in 
guiding the development of appropriate climate change adaptation activi-
ties (Halofsky, Peterson, and Marcincowski 2015). The LCCVP project has 
advanced a model of pairing cutting-edge science with management en-
gagement—both during the project proposal stage and by staying engaged 
throughout the life of the project. Climate change adaptation works best 
when scientists and managers collaborate to develop cross-jurisdictional 
conservation plans to mitigate the impacts of climate change at the scale at 
which they occur. 

Several cross-jurisdictional partnerships are well established at the eco-
system level in the northern Rockies, yet climate change has further blurred 
agency and jurisdictional boundaries. For example the Crown Managers 
Partnership (CMP), established in 1990, seeks to demonstrate leadership 
in addressing the environmental management challenges in the Crown of 
the Continent ecosystem (anchored by Glacier National Park but includ-
ing lands managed by the US Forest Service as well as areas of Alberta and 
British Columbia) by adopting transboundary collaborative approaches to 
environmental management. The CMP hosted a Climate Change Scenario 
Planning workshop in March 2010 and followed up by identifying spe-
cific adaptation actions in a 2014 forum. The Great Northern LCC has 
partnered with the CMP to develop ecosystem health indicators and to en-
able partners to collaborate on climate change adaptation, work effectively 
across jurisdictions, and share data and utilize a common science template. 
The overall goal is to achieve amplified management outcomes that address 
these shared conservation threats. 

Specifically, the CMP is working to prioritize and implement shared 
climate adaptation strategies in a coordinated effort with nongovernment 
organizations and community stakeholders. These strategies collectively 
advance the CMP’s priorities for managing to a desired condition across 
the Crown of the Continent ecosystem while providing for significant stra-
tegic alignment with the Great Northern LCC’s conservation priorities.

In the Greater Yellowstone Area, the National Park Service and the 
Forest Service formed the GYCC in the 1960s to pursue opportunities 
of mutual cooperation and coordination in the management of core fed-
eral lands in the Greater Yellowstone Area. The GYCC now includes the 
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Greater Yellowstone national wildlife refuges and Bureau of Land Man- 
agement lands, and the committee’s working groups partner with county 
and state agencies, universities, and nongovernmental organizations on a  
range of ecosystem topics. The GYCC, Montana State University and Yel- 
lowstone National Park hosted a Science Agenda workshop in November 
2009 and subsequently published an ecosystem science agenda in response 
to large landscape stressors, including climate change (Olliff et al. 2010). 
The GYCC currently sustains an interagency and interdisciplinary Climate 
Change Adaptation Subcommittee, which addresses employee education, 
ways to fill data gaps, synthesis of ecosystem climate information, eco- 
system-scale future climate projections, and vulnerability assessments to in- 
form land management. The LCCVP projections of future climate and 
impacts to vegetation (chaps. 4, 9, and 10) have been a fundamental re-
source available to GYCC managers and Great Northern LCC staff on the 
subcommittee. 

These ecosystem-based cooperatives have recently been augmented 
by organizations created to operate at the larger landscape scale. In 2009, 
the Department of the Interior created LCCs that are intended to provide 
cutting-edge science and to work with federal, state, tribal, and local gov-
ernments, private landowners, and nongovernmental organizations to “de-
velop landscape-level strategies for understanding and responding to cli-
mate change impacts” and to help managers sustain the continent’s natural 
and cultural resources (Secretarial Order 3289). Although a self-directed 
steering committee guides each LCC, they all (1) use applied conserva-
tion science in collaboration with partners within a geographically defined 
area, (2) function as a fundamental management partnership that will help 
frame decisions made at the unit level in a larger landscape context, and (3) 
provide a national (and international) network of land, water, wildlife and 
cultural resource managers, and interested public and private organizations 
to respond to landscape-scale stressors, such as climate change and land use 
change (Austen 2011). 

Also established in 2009, climate science centers deliver basic climate 
change impact science to field managers within their respective regions, 
including physical and biological research, ecological forecasting, and mul-
tiscale modeling. Climate science centers prioritize delivery of fundamental 
science, data, and decision support to meet the needs of the LCCs and their 
partner organizations. This includes providing climate change impact in-
formation on natural and cultural resources and developing adaptive man-
agement and other decision support tools for managers (Beard, O’Malley, 
and Robertson 2011). 
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By the end of 2013, the full suite of twenty-two LCCs and eight cli-
mate science centers were operational. In addition, in 2013 the US Depart-
ment of Agriculture launched seven “Regional Hubs for Risk Adaptation 
and Mitigation to Climate Change” (climate hubs) to develop and deliver 
science-based, region-specific information and technologies to agriculture 
and natural resource managers and communities.

Perhaps especially important for climate change adaptation is the role 
of LCCs as bridging organizations, since adaptation needs to be imple-
mented at large scales and across multiple jurisdictions. As bridging or-
ganizations, LCCs foster adaptive cooperative governance by providing 
platforms for communication, relationship building, and stakeholder en-
gagement, and they have great potential to facilitate conservation of rapidly 
changing social-ecological systems by providing structure and incentives 
for collaboration and shared learning (Jacobson and Robinson 2012; Mc-
Dowell 2012). The international network of twenty-two LCCs has over 
three hundred active partners and since 2010 has provided funding to more 
than four hundred science partners to help managers conserve resources in 
light of not only climate change but also other landscape stressors, such as 
land use change and invasive species. 

Case Studies

Chapters 14 to 16 offer case studies of Climate-Smart Conservation from 
the perspectives of Rocky Mountain National Park and the Greater Yellow-
stone Ecosystem (GYE). Here we set the stage for these chapters by offer-
ing vignettes of science–management partnerships that have similarly made 
progress on steps 4 to 6 of the Climate-Smart Conservation framework. We 
also discuss some of the case studies in chapters 14 to 16 through the lens 
of steps 4 to 6.

In April 2015, the LCCVP team hosted a workshop for managing veg-
etation communities in the GYE under predictions of vast changes caused 
by climate change. The workshop focused on steps 4 and 5: identifying 
climate change adaptation options, weighing each option against measures 
of feasibility, and discussing how the feasible options fit together in a land-
scape strategy. The workshop included thirty managers and scientists from 
three federal land management agencies, nongovernmental organizations, 
and universities. 

The overall goal of the workshop was to build on the recent Northern 
Rockies Adaptation Project (NRAP) and lay the conceptual groundwork 
for integrated assessment and management to sustain healthy and resilient 
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vegetation communities across the GYE under climate change. Participants 
identified and evaluated climate adaptation options for high-priority veg-
etation types, including alpine, whitebark pine, low-elevation woodlands, 
grasslands, and shrublands. For each vegetation type, and for different 
goals, participants articulated adaption options (defined as an integrated 
set of management actions aimed at achieving resource goals across a plan-
ning area) as well as particular management actions (a specific treatment—
for example, planting or prescribed burning). For each action, they rated 
the feasibility and the likely effectiveness of the action and discussed inte-
grating management actions across the planning area. 

This workshop had several unique characteristics. First, the exercises 
were based on recent science that was conducted specifically to support  
the workshop exercises and that projected vegetation change under differ-
ent climate scenarios for the GYE planning area. Second, adaptation op-
tions and management actions focused on three different zones (chapter 
9): core (areas where the climate is suitable now and will continue to be 
suitable for species in the future); deteriorating (areas where the climate is 
suitable now but will no longer be suitable in the future); and future (areas 
where the climate is not presently suitable but is projected to be suitable in 
the future). 

Third, managers strongly identified several aspects of adaptive capacity 
and focused adaptation options on supporting that adaptive capacity, espe-
cially in the whitebark pine (Pinus albicaulis) breakout group. For example, 
whitebark pine is known to occur predominantly in the subalpine zone but 
occasionally is found elsewhere, especially on dry sites, even at low eleva-
tions. One suggested adaption option was to take advantage of whitebark 
pine’s adaptive capacity by supporting these low-elevation stands through 
suppressing competition and planting to aid regeneration. LCCVP work 
identified a similar strategy for a related species of five-needle pine (i.e., 
limber pine, Pinus flexilis) in Rocky Mountain National Park (Monahan et 
al. 2013). Although the other two elements of vulnerability—exposure and 
sensitivity—can be modeled and assessed from literature, managers with 
extensive field experience were often best at articulating the adaptive capac-
ity of a species. 

Finally, only a few of the workshop participants had been involved with 
LCCVP over the duration of our project (four years), but these participants 
had a deeper understanding of the models and the model results than those 
whose first exposure was the April 2015 workshop. 

Although federal managers can conduct steps 1 through 5 collabora-
tively, the next step (implementation) is carried out individually for each 
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park, forest, wildlife refuge, or Bureau of Land Management district, be-
cause each agency must comply with its own laws, regulations, and policies  
and carry out its own National Environmental Policy Act analysis to pro-
ceed with implementation. The Greater Yellowstone Area Whitebark Pine 
Strategy is an excellent example of this collaborative planning and analysis 
with unit-based implementation. As a result of the collective vision and co- 
operation on the Greater Yellowstone Area Whitebark Pine Strategy, these 
early adopters are already implementing climate-robust actions on several 
forests and parks. For other Greater Yellowstone Area vegetation types, fun- 
damental questions remain about desired future condition, how to incor-
porate consideration of the future while addressing the high-priority cur-
rent issues, and the methods for monitoring, early change detection, and 
adaptive management.

NRAP is a science–management partnership between the Forest Ser-
vice’s regional managers (fifteen national forests and the Pacific Northwest 
and Rocky Mountain research stations), the National Park Service, the 
Great Northern and Plains and Prairie Potholes LCCs, the North Central 
Climate Science Center, the Greater Yellowstone Coordinating Commit-
tee, Oregon State University, and EcoAdapt. The partnership provides a 
foundation for climate change adaptation work on national forests, na-
tional parks, and adjacent lands. NRAP is developing a climate change 
vulnerability assessment (step 2 of the Climate-Smart Conservation frame-
work) that addresses hydrology and roads, fisheries, wildlife, vegetation 
and disturbance, recreation, and socioeconomic conditions. 

As part of the assessment, NRAP convened five workshops in Idaho, 
Montana, and South Dakota in fall 2014, at which two hundred scien-
tists and managers identified the most significant vulnerabilities to climate 
change throughout the region, brainstormed specific adaptation strate-
gies, and assessed the feasibility of those strategies. NRAP is developing 
guidance for managers to implement adaptation strategies at various lev-
els of management operation (from project design to forest planning) and 
is compiling all information into a peer-reviewed, published report. This 
guidance will effectively inform steps 3 to 5 of the Climate-Smart Con-
servation framework. Many of the forests in the northern Rockies will use 
this process as the vulnerability assessment required by the Climate Change 
Report Card and are planning to use the prioritized adaption actions iden-
tified in steps 4 and 5 in their revised forest plans, which will serve as a 
foundation for implementation (step 6).

The trout study described in chapter 12, as well as similar work pre-
sented in the same chapter for Great Smoky Mountains National Park, uses 
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a feasibility framework adapted from a financial portfolio concept aimed 
at maximizing species persistence in the face of adversity (Schindler et al. 
2010; Haak and Williams 2012). This “3-R” framework creates a diverse 
management portfolio through increasing representation (protecting and 
restoring diversity), resilience (having sufficiently large populations and in-
tact habitats to facilitate recovery from rapid environmental change), and 
redundancy (saving a sufficient number of populations so that some can be 
lost without jeopardizing the species). 

In the Yellowstone region, this study integrates existing information 
on Yellowstone cutthroat trout status (Oncorhynchus clarkii bouvieri) and 
limiting factors to develop a spatially explicit conservation priority system. 
State and federal partners and collaborators developed criteria and a frame-
work for prioritizing populations of Yellowstone cutthroat trout with re-
spect to risk from climate change and then applied this framework with 
population-specific ranking of limiting factors and climate risks (steps 4 
and 5). This ranking identified and prioritized conservation actions to en-
hance resilience under a changing climate and to identify areas for potential 
reintroduction of Yellowstone cutthroat trout into streams that are likely 
more resilient to regional changes in climate. To reach step 6 (implementa-
tion), scientists are working with the Geographic Management Unit teams 
under the auspices of the Western Native Trout Initiative. Again, each indi-
vidual unit will implement these common strategies for building resilience 
in coldwater fisheries under climate change.

The whitebark pine study outlined in chapter 15 takes a unique quan-
titative approach to defining adaptation options. As mentioned previously, 
federal land managers of the Whitebark Pine Subcommittee are going a step 
beyond implementing climate-robust strategies by working with scientists 
to develop climate projections that will inform the siting of on-the-ground 
management actions defined in the Greater Yellowstone Area Whitebark 
Pine Strategy. The intent is to understand which combinations of actions 
have the greatest impact on preserving whitebark pine in the long term (the 
next hundred years) in response to the projected decrease in abundance 
and distribution as a result of climate change. The core LCCVP team has 
conducted much of the science for this project, which is augmented by 
funding from the North Central Climate Science Center and supported 
by the Great Northern LCC. Three spatially explicit management alterna-
tives are being evaluated: No Active Management, Full Implementation of 
the Whitebark Pine Strategy, and a No Constraints alternative. The proj-
ect is also using social surveys to understand the attitudes of residents in 
the northern Rockies toward management. The subcommittee is poised to 
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implement the management actions identified, in large part because of the 
well-coordinated and thorough work they have conducted.

As these case studies show, managers have come light years from their 
basic understanding of climate change in 2011: they are now obtaining and 
conducting vulnerability assessments, rethinking their goals to incorporate 
climate change, identifying and prioritizing adaptation actions, and begin-
ning the early stages of implementing these actions. 

Conclusion

The road maps for climate change adaptation—the initial Scanning the 
Conservation Horizon: A Guide to Climate Change Vulnerability Assessment 
(Glick, Stein, and Edelson 2011) and the refinements provided by Climate-
Smart Conservation: Putting Adaptation Principles into Practice (Stein et al. 
2014)—have now been developed and are beginning to be used by natu-
ral resource managers at federal agencies. Although managers are begin-
ning to better understand, through vulnerability assessments, the impacts 
that climate change is projected to have on natural resources, there is a 
long road ahead before they routinely identify, evaluate, and implement 
climate change adaption options. The science of climate change adapta-
tion is nascent, so current managers have to overcome language, concep-
tual, and science barriers in addition to acquiring resources and developing 
policies to implement adaptation options. While improvements have been 
made, more work is needed to make adaptation strategies more actionable 
through specific management actions. Chapters 14 to 16 offer case studies 
of Climate-Smart Conservation from the perspectives of Rocky Mountain 
National Park and the Greater Yellowstone Ecosystem that illustrate some 
of this progress.
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Thousands of years before Rocky Mountain National Park was estab- 
lished, people came to the area to experience its beauty and its wildlife 
and, for many, to re-create themselves. And it remains so today. How 
do we protect this special place so future generations may have the same 
opportunities?

At first glance, it may appear that Rocky Mountain National Park (here-
after Rocky Mountain NP) in Colorado is well protected—it is a national 
park, a wilderness, a Class I airshed, the headwaters for the Colorado and 
Platte river drainages, and a biosphere reserve. Each of these facts indicates 
a land that has significant protection. But are these designations enough? 
They are important and valuable as steps toward protection, yes, but with-
out such management activities as restoration, monitoring, research, edu-
cation, and collaboration with partners on issues that extend beyond park 
borders, protection of this highly valued park cannot be supported, espe-
cially in light of climate change. 

Climate change is the largest environmental issue in our human his-
tory, in terms of both scale and scope, and there are no new monies pro-
vided directly to parks to increase capacity for addressing this issue. In 
2007, Rocky Mountain NP’s Continental Divide Research Learning Cen-
ter hosted a workshop to define the following: what we know, what we 
think we know, and what has yet to be discovered regarding climate change 
in Rocky Mountain NP (National Park Service 2007a). As one might sus-
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pect, there were more questions than answers, and the first glimpses of the 
limitations to our perspectives of the problem were exposed. 

Thinking beyond our borders is still relatively novel, scientifically and 
practically, for various reasons: traditions of practice, the lure of place-
based science, funding restrictions in time (short-term support) and space 
(limited resources preclude a large science footprint), complex political 
landscapes, and paradigms by both practitioners and scientists that limit 
our understanding, perspectives, and successes. 

For several generations of scientists, academics, and practitioners, the 
“referent” for success was to manage an area within the historic range of 
variability. How do we go forward within the paradigm of climate change? 
What novel ecosystems will emerge? Indeed, what is the way forward? 
The climate change stories we are learning through science and history are 
growing, but there is so much more to learn. 

The challenges that surfaced through the Continental Divide Research 
Learning Center’s workshop were reframed within the context of numer-
ous successes—through what we know. From diatoms to the park’s larg-
est native deer, the Rocky Mountain elk (Cervus elaphus), we know more 
about the species and the ecological systems of Rocky Mountain NP today 
than at any other time in history. Thanks to the hundreds of research proj-
ects in the park over the past decades, we’ve connected to other landscapes 
in many ways, including our understanding of migratory species, forest 
health, air quality, and snowpack and water availability for the communi-
ties that benefit from Rocky Mountain NP’s protection. In the end, the 
workshop presented a way forward that would prove meaningful through 
the development of partnerships—a shared conservation approach for the 
future in which scarce resources, leveraged among partners, could likely 
provide the science and social capacity needed to adapt to change. We have 
come to recognize that the conservation of species within the park requires 
science, understanding, and working with people beyond the park borders 
(Bobowski 2013).

In this chapter, we begin by highlighting climate change issues facing 
Rocky Mountain NP and follow up with insights into some of the key 
management challenges and opportunities. We then elaborate on the adap-
tive management of climate change in Rocky Mountain NP and offer three 
case studies demonstrating where we have managed to make significant 
progress. We conclude with our ideas for a way forward, with hopes that 
they will encourage dialogue on management within Rocky Mountain NP 
and similar protected areas. 
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Climate Change Issues

Rocky Mountain NP turned one hundred years old in 2015, and already 
we are experiencing effects from extreme weather that demand a response. 
During the past five years, the park has experienced more large fires than 
in the previous ninety-five years combined. The Fern Lake Fire, a human-
caused fire that began in October 2012, endured during the driest Novem-
ber on record in more than one hundred years (fig. 14-1). Because of large 
expanses of beetle-killed forests (a phenomenon related to climate change), 
indirect firefighting tactics were needed as a primary firefighting approach 
to mitigate risks to firefighters. 

The Fern Lake Fire burned through winter and over snow. In the dark 
of early morning on December 1, 2012, firefighters evacuated a portion 
of the town of Estes Park when an improbable weather event pushed the 

Figure 14-1   A helicopter helps suppress the Fern Lake Fire in Rocky Mountain 
National Park in 2012. The fire persisted in winter conditions after the driest No-
vember in the one-hundred-year climate record. (Photo taken by Mike Lewelling, 
December 6, 2012.)
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fire more than three miles toward town in approximately thirty-five min-
utes. Firefighters were pre-positioned to thwart the improbable advance 
and succeeded because of the firefighters’ extensive experience and despite 
fire models that clearly no longer could account for all the variables in play. 
As the days continued, frozen lakes precluded many water-drop operations, 

Figure 14-2   The September 2013 flood caused damage to roads, buildings, 
and other infrastructure in Rocky Mountain National Park. The road shown in 
this photo has since been replaced, with a large culvert now added that should 
withstand future flooding. (Photo from the Rocky Mountain National Park digital 
photo library, August 27, 2014.)
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and the sounds of Christmas music struck responders as strange as more 
than six hundred firefighters engaged in operations above eight thousand 
feet in elevation. The fire went silent as heavy snows finally arrived and the 
year came to an end.

Less than one year later, in September 2013, the park experienced  
one of the largest rain events in its history, resulting in floods that erased 
roads and infrastructure from the park to the Front Range of Colorado (fig. 
14-2). The area became part of a national disaster area, and recovery con-
tinues to the present. Geologists who were asked to evaluate the numerous 
landslides and erosion in preparation for rescue operations and restoration 
indicated that the last time the soils of this region were this saturated was 
during postglacial melting thousands of years ago. 

These extreme events are what we can expect more of in the future as 
a consequence of climate change, even though the precise link to climate 
change is less certain. While it is impossible to predict when and where ex-
treme weather events will occur, the park has the capacity to better prepare 
for these events and to work under the assumption that they will occur 
more regularly. Fire managers now recognize that fires can and do occur in 
any season in Rocky Mountain NP. As infrastructure was repaired and re-
placed after the 2013 flood, larger, more flood-resistant designs were cho-
sen. For instance, culverts along the flood-damaged Old Fall River Road 
were replaced with ones large enough to withstand the higher flows ex-
pected with climate change. 

Beyond extreme weather events, Rocky Mountain NP recognizes 
many other significant ecological responses to longer-term patterns of cli-
mate change, such as the continental impacts of the mountain pine beetle 
(Dendroctonus ponderosae) to forests, and the range expansion of exotic spe-
cies within the park, as evidenced by the documentation of cheatgrass (Bro-
mus tectorum) moving more than two thousand feet in elevation in just ten 
years. 

To better understand these and many other impacts of climate change 
on the park (e.g., hydrology—earlier spring melt, earlier peak flow), we 
work with numerous partners, particularly universities, to cultivate research 
within the park, resulting in dozens of projects each year. For example, on 
the biodiversity front, Rocky Mountain NP has documented more than 
three thousand species, but we anticipate that there are thousands more 
yet to discover and that climate change may extirpate some of these new 
species before they are found. We have engaged on a pathway toward bio-
diversity discovery and understanding through sponsoring bioblitz events, 
supporting biodiversity research, and partnering with universities and non-
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governmental organizations, such as the E.O. Wilson Foundation and Dis-
cover Life in America, to support graduate student engagement in the park. 

Overstating the science is possible as it continues to be difficult to  
have causal evidence at the local level, due to the inherent complexities 
of ecological systems. This fact reaffirms that science is indeed a process. 
Therefore, integrating science into management outcomes continues to 
rely on a preponderance-of-evidence approach to affirming direct and in-
direct climate change impacts to the park. Engaging diverse audiences to 
build coalitions of support that can adapt to new information is the foun-
dation for a way forward.

Management Challenges and Opportunities

Our referent for management is fundamentally shifting from our under-
standing of the historic range of variability to educated guesses of future 
scenarios and novel systems (Monahan and Fisichelli 2014). With this 
change comes real credibility issues in which the actions of the past that 
were informed by science can appear to some to be in conflict with what 
scientists are saying today. For example, after decades of restoration of 
greenback cutthroat trout (Oncorhynchus clarkii), recent genetic techniques 
are redefining the species. This realignment of what a “greenback” is con-
fuses the general public (and scientists too, from time to time) on how to 
reinterpret past conservation actions. As it turns out, from the late 1800s 
until around 1920, more than 60 million trout were transplanted in the 
region for recreational purposes. These actions resulted in the conundrum 
today: now that we have (through genetics) identified the two remnant 
populations of greenback cutthroat trout, how do we proceed in conserva-
tion efforts that may affect existing populations of differing genetics, and 
how will these restoration efforts be affected by changing climate and the 
emergence of novel ecosystems? These efforts require diplomacy through 
science to bring staff and stakeholders along in this complicated scientific 
process in which social values are so strong.

Many resource professionals, particularly those in leadership, were 
educated in universities before climate change was integrated into curricula 
and discussions. There are and will continue to be relatively few financial 
support options for training or continuing education of resource profes-
sionals within the agency—online learning and webinars do not replace 
in kind the value of conferences or on-site field learning. The Continental 
Divide Research Learning Center at Rocky Mountain NP engages in a va-
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riety of information and education processes to transfer knowledge, build 
science literacy, and anticipate concerns or information gaps among staff 
and stakeholders. For example, the resource staff at Rocky Mountain NP 
participates in directed workshops on science topics, and in the summer 
they attend a weekly series focused on professional development activities. 
In addition, the Continental Divide Research Learning Center sponsors a 
scientific discourse at the park through the Rocky Mountain National Park 
Biennial Research Conference.

Most National Park Service leaders (e.g., management teams of parks 
or positions higher in the organization) do not have science or even re-
source management backgrounds. This is simply a numbers game in which 
at a given park those in resource stewardship are one division of five (20 
percent), typically have less than 15 percent of the budget with smaller staff, 
and have even less of a presence in the leadership roles of superintendent, 
regional directorates, or among directors throughout National Park Service 
history. Most often, these leadership positions are filled by those emerging 
from the other park divisions: facilities management, visitor and resource 
protection, interpretation, or administration. As a result, the education 
curve can often be steep within the organization, as it is among the public. 

We thus engage in numerous efforts to educate and make climate 
change information relevant. Opportunities to advance understanding 
include brown-bag lectures, workshops, and park science conferences in-
tended to expose park staff to current science in the region. As part of the 
research permit process, presentations are given to the management team 
to explain the importance of new and large research projects in the park. 
The recent development of a frequently asked questions document has 
helped both our staff and the public better understand climate change (Na-
tional Park Service 2014).

Historical accounts of knowledge accumulation suggest that knowl-
edge of a discipline can double every ten years (Fuller 1981). The relatively 
recent development of computing power has, in some cases, resulted in 
knowledge doubling much quicker, perhaps as quickly as every one year or 
less (Schilling 2013). As a consequence of these advances, especially in the 
climate change arena, the lack of science synthesis significantly limits our 
success. Most science efforts support individual investigations within a lim-
ited footprint of time, space, and scope. What we find we need more of is 
the timely synthesis of existing science into working hypotheses to inform 
action. Consider that action will occur regardless, and consequently, being 
informed can make the difference. Efforts are evolving to engage in more 
timely synthesis efforts of both science and culture. We encourage partners 
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to do the same. As stated by Thomas (1979): “The knowledge necessary 
to make a perfect analysis of the impacts of potential courses of . . . man- 
agement action . . . does not exist. It probably never will. But more knowl- 
edge is available than has yet been brought to bear on this problem. To 
be useful, that knowledge must be organized so it makes sense. . . . To say 
we don’t know enough is to take refuge behind a half-truth and ignore 
the fact that decisions will be made regardless of the amount of informa-
tion available.”

Given these challenges, finding a way forward necessarily requires a 
shift in practitioners’ paradigms and “tool boxes.” We are at a significant 
place in conservation history where the foundation of what science we 
do—and how we synthesize, interpret, and understand that science— 
demands new lenses in which to view it. Furthermore, how we communi-
cate that science within the park, how we integrate it with our collective cul- 
ture, and how we communicate with the public matters more than ever. 
It matters because we are at risk of losing credibility relatively easily by 
overinterpreting the science through linking cause and effect prematurely, 
by making decisions on the land that are shortsighted, by being “hands 
off ” because it is perceived that there is nothing we can do and, at the same 
time, by “doing too much” where much of society feels compelled to do 
“something” in the face of this unprecedented change. Therefore, Rocky 
Mountain NP’s biggest challenge for “responding to climate change” is the 
need to tell the “so what, and what can we really do” piece of the climate 
change story, and to tell that story in biologically and culturally meaning-
ful ways in order to increase understanding and support from park visitors 
and partners. 

Adaptive Management of Climate Change

Rocky Mountain NP has increasingly used the concept of adaptive man-
agement to guide decision making (e.g., National Park Service 2007b). An 
adaptive management framework provides for the process of science, the 
ability of an organization and community of partners to learn and develop 
future scenarios, and embraces the inherent uncertainty associated with 
stewardship of our resources. The concept has been around for decades 
and is affirmed as among the best strategies to manage for climate change 
(Lawler et al. 2010; National Park Service 2010). 

At Rocky Mountain NP, addressing and adapting to the consequences 
of climate change has initially focused on three steps within the adaptive 
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management framework: (1) research and monitoring, (2) synthesizing 
information, and (3) shared learning (fig. 14-3). First, we have worked to 
gather evidence and data to document that climate change is happening 
and is impacting ecological systems within the park. To this end, Rocky 
Mountain NP supported over 120 active research groups in 2014. Second, 
we have worked to review the evidence through synthesis reports and con-
ducting workshops, such as the 2007 climate change workshop described 
earlier. Third, we have focused on transferring knowledge using a climate 
change story that resonates with people and works to build consensus, un-
derstanding, and support among park managers, the public, the local com-
munity, and stakeholders, as described with our frequently asked questions 
(National Park Service 2014).

Given the complexity of climate change phenomena, its novelty on the 
landscape, and the relative scarce history of specific research projects, the 
first priority has been to characterize climate change within the park and 
to record and understand the cascading effects of such change. Research 
and monitoring are central to making this happen, and Rocky Mountain 
NP has collaborated with federal agencies and research partners to estab-
lish and maintain eighteen weather stations within the park (Davey, Red-
mond, and Simeral 2007). Just outside of the park boundary is Grand Lake 

Figure 14-3   Working model of the adaptive management framework for Rocky 
Mountain National Park.
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(Northwest), one of the stations with the longest and most reliable climate 
records in Colorado. The park has a history of supporting such installations 
through the research permits and compliance process, funding, and day-to-
day logistical support. 

Data from these stations have been critical for providing the evidence 
of climate change. From these data, we have seen that Rocky Mountain 
NP experienced a significant increase in tem perature during the last cen-
tury (chap. 4). Precipitation has been more variable, and there has been no 
change in annual precipitation, but since the 1970s there has been a decline 
in April 1st snow water equivalent of 0.5 to 1.1 inches (1.2 to 2.7 centi-
meters) per decade at stations in and near the park (Clow 2010). The large 
elevation gradient in the park (7,630 to 14,259 feet, or 2,325 to 4,346 me-
ters) and complex topography make it likely that different areas of the park 
are experiencing different rates of climate change. There is also increasing 
evidence that climate change may be amplified at high elevations (Wang, 
Fan, and Wang 2014). The park and researchers have recently recognized 
these complexities of climate monitoring and have begun the process of 
documenting topoclimate (i.e., climate at scales of 10 to 30 meters). In 
addition, efforts to expand our climate monitoring network to high eleva-
tions are ongoing. 

Park planning also requires an understanding of how climates may 
continue to change in the future. The inherent uncertainty in emissions 
scenarios and climate models is embraced, but it is still useful to understand 
the most likely futures. For example, in Colorado, most climate models 
predict that warming will continue and that there will be a decline in snow-
pack, but there is no consensus on whether total precipitation will change 
(Lukas et al. 2014). There have been some efforts to derive downscaled cli-
mate models for Rocky Mountain NP, including the National Aeronautics 
and Space Administration Earth Exchange (NEX) Downscaled Climate 
Projections produced in support of the Landscape Climate Change Vulner-
ability Project (Thrasher et al. 2013). We have learned from these projec-
tions that subalpine limber pine (Pinus flexilis)—a species of management 
concern related to whitebark pine (chaps. 9 and 10)—is generally expected 
to move upslope into areas that are currently alpine and be less dominant 
at lower elevations in the park in response to increasing competition with 
shade-tolerant conifers (Monahan et al. 2013). 

These insights are now being integrated into a conservation strategy 
(Schoettle et al., in press). In addition, the NEX Terrestrial Observation 
and Prediction System forecasts ecosystem processes important to park 
resources, such as the amount of soil water, gross primary productivity, 
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runoff, and evapotranspiration (fig. 14-4). Insights from the Terrestrial Ob-
servation and Prediction System reaffirm that we are moving beyond the 
range of historic variability (Monahan and Fisichelli 2014), potentially into 
“no analog” futures (Williams, Jackson, and Kutzbach 2007). When and if 
this happens, we expect climatic changes and ecological responses to occur 
at unprecedented rates, and in unpredictable directions, potentially result-
ing in novel ecosystems.

Understanding the ecological consequences of climate change—and 
developing the climate change stories—has been less straightforward. Evi-
dence from research studies across the western United States or other areas 
can provide useful hypotheses and predictions but cannot replace more lo-
cal knowledge and research. Fortunately, researchers are attracted to work 
in Rocky Mountain NP because it provides a natural laboratory to study 
the effects of climate change where there is a striking elevational gradient, 
sensitive ecosystems, and a relative lack of confounding factors (e.g., inva-
sive species, agriculture, development). Hundreds of researchers have been 
working in the park and assisting with documenting the effects of climate 

Figure 14-4   NASA Earth Exchange Terrestrial Observation and Prediction Sys-
tem forecasts of evapotranspiration for the Rocky Mountain National Park PACE. 
The predictions are based on an ensemble average of about thirty individual climate 
models, evaluated for a “business as usual” emissions scenario (RCP 8.5 W/m2). 
From these predictions, we see how evapotranspiration: (1) peaks in late spring 
(upper left plot); (2) increases dramatically in the spring (upper right); and (3) 
experiences a net annual increase (bottom left) despite decreasing in summer (bot-
tom right).
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change on a diversity of topics, including hydrology, plant and animal spe-
cies, wetlands, alpine tundra, and the spread of exotic species. These studies 
have generally been split into short-term research, long-term monitoring, 
and large-scale syntheses. 

Efforts such as the “Pikas-in-Peril” project and the mapping of glacial 
change in the park exemplify the first category. From these short-term re-
search studies, the park has learned that populations of the American pika 
(Ochotona princeps) appear stable in Rocky Mountain NP (Jeffress et al. 
2013) but future projections to 2100 show decreasing habitat suitability 
(Schwalm et al., in press). Although glaciers in Rocky Mountain NP are 
sensitive to spring snowfall and summer temperatures, there has been only 
modest change in glacial area since the early 1900s (fig. 14-5), and this may 
be due to increasing cloud cover (Hoffman, Fountain, and Achuff 2007). 
While these short-term studies have increased our understanding of climate 
change in Rocky Mountain NP, and offer a basis for telling the climate 
change story, they often lack the wealth of evidence gained from long-term 
field studies.

Increasingly, the value of long-term studies at Rocky Mountain NP  
is being recognized as critical to understanding the effects of climate  
change, and, where possible, we are supporting these investments. Tradi-
tionally, park monies have been limited to funding one- to five-year proj-
ects, and researchers are often limited to a similar short-term funding cycle. 
With a mandate from the National Parks Omnibus Management Act of 
1998 (P.L. 105-391), the National Park Service Inventory and Moni- 
toring Division and the Rocky Mountain Inventory and Monitoring  
Network were established and funded to assist Rocky Mountain NP and 
other natural resource parks with this long-term monitoring need. The  
establishment of the Rocky Mountain Inventory and Monitoring Network 
is fairly recent, but they have developed operational monitoring proto-
cols for alpine vegetation (Ashton et al. 2010), wetlands (Schweiger et al. 
2015a), and streams (Schweiger et al. 2015b). They have also provided 
ongoing financial support to snowpack chemistry monitoring (Ingersoll et 
al. 2009). 

Beyond the short-term research and long-term monitoring are synthe-
ses of both that yield valuable case studies for telling the climate change 
and adaptive management story at Rocky Mountain NP. It is only in the 
exceptional cases that we have managed to move forward to planning and 
implementing management actions—water and air quality, forests, and ex-
otics. Below, we highlight the exemplary case studies, with the hope that 
they can guide other such efforts in our own park and others. 
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Figure 14-5   Andrews Glacier in Rocky Mountain National Park, comparing 
1916 (atop) and 2013 (bottom). Both photos were taken in August of their respec-
tive years. (Photos obtained from http://glaciers.us: (a) W. T. Lee, US Geological 
Survey Photographic Library, ID 322; (b) T. Fegel, ID 24881.)
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Case Study 1: Water and Air Quality

More than three decades ago, Rocky Mountain NP had the foresight to 
support a study in the park to examine watershed-scale responses to atmo-
spheric deposition and climate. In 1983, scientists instrumented the Loch 
Vale watershed, a 1,630-acre (660-hectare) alpine and subalpine catchment, 
with weather stations and stream gauges (Baron 1992). Since then, there 
has been a steady stream of research and monitoring of climate, snowpack, 
streamflow, water chemistry, atmospheric deposition, and glaciers. Loch 
Vale is now one of the most studied watersheds in the world, with over 150 
research publications. Using such reliable climate records, it has been pos-
sible to link surface water chemistry trends with changes in summer tem-
perature and to model the potential effects of continued warming (Baron et 
al. 2000a; Baron, Schmidt, and Hartman 2009; Heath and Baron 2014). 
These studies suggest that future warming will likely cause earlier snowmelt 
and peak discharge, increased forest productivity, and increased release of 
nitrogen from melting ice and rock glaciers (Baron et al. 2000a; Baron, 
Schmidt, and Hartman 2009). 

Prior to documenting the climate change signal, Loch Vale data 
painted a vivid picture of how air pollution affected park resources, and the 
park was able to use this information to direct management. Results and 
comparisons to the larger park showed that soils, water, vegetation, and 
diatom communities were altered by increased nitrogen availability (Baron 
et al. 2000b; Wolfe, Van Gorp, and Baron 2003; Baron 2006). In 2004, 
the Colorado Department of Health and Environment, the National Park 
Service, and the US Environmental Protection Agency signed a memoran-
dum of agreement to facilitate interagency response to the degradation of 
air quality and park resources. After three years, the group developed the 
Nitrogen Deposition Reduction Plan and adopted a target of 1.5 kilograms 
nitrogen per hectare per year by 2032, based on adverse effects seen at that 
level of deposition (National Park Service 2007b). 

The Nitrogen Deposition Reduction Plan involves a range of strat-
egies to improve air quality, including voluntary and mandatory mea- 
sures to curb automobile and factory emissions and a series of agricul- 
tural best practices. The plan has largely succeeded at reducing nitrogen  
(until 2014, nitrogen deposition had been decreasing) and fostering a di- 
verse regional collaboration (Morris et al. 2014). The park is currently de- 
veloping ways to leverage the Loch Vale research to inform meaning- 
ful management action regarding climate change, and the research group 
has been instrumental in ongoing discussions, climate change work- 
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shops, and scenario-planning exercises that extend well beyond the park’s 
boundary. 

Case Study 2: Forests

Conifer forests blanket much of Rocky Mountain NP, and for decades re-
searchers have been interested in studying patterns of forest composition 
and health across elevation, aspect, and level and history of disturbance 
(e.g., Peet 1978, 1981). At the present time, subalpine forests are generally 
found in the park at between 9,000 and 11,400 feet (2,743 and 3,475 me-
ters) elevation and are dominated by Engelmann spruce (Picea engelman-
nii), subalpine fir (Abies lasiocarpa), and limber pine. Montane forests are 
found below this elevation, and ponderosa pine (Pinus ponderosa), quaking 
aspen (Populus tremuloides), lodgepole pine (Pinus contorta), and Douglas-
fir (Pseudotsuga menziesii var. menziesii) dominate. Paleoecological and gla-
cial studies have shown that the density and elevational distribution of tree 
species have tracked changes in climate since the last glaciation (Benedict 
et al. 2008; McWethy et al. 2010; Higuera, Briles, and Whitlock 2014). 

Warmer temperatures have also contributed to more recent forest 
change in Rocky Mountain NP. While current fires are not outside the 
range of natural variation for these forests (Sibold, Veblen, and González 
2006), they have been outside the range of experience for park staff and 
local communities. Most research suggests that this pattern of increased 
frequency and severity will continue as climate warms (e.g., Higuera, 
Briles, and Whitlock 2014). Climate change projections show that many 
forest species will likely migrate upslope to find suitable climate conditions 
(Stohlgren, Owen, and Lee 2000; Monahan et al. 2013). Studies within 
the park have already shown some indication of upslope movement (Mona- 
han et al. 2013; Esser 2014). 

Finally, like much of the western United States, Rocky Mountain NP 
has experienced forest insect epidemics. In the early 2000s, a mountain pine 
beetle outbreak started and has resulted in extensive mortality of lodgepole 
pine and limber pine (fig. 14-6; Raffa et al. 2008; Diskin et al. 2011). The 
timing and magnitude of the outbreak and subsequent tree mortality were 
influenced by warmer temperatures, drought-stressed trees, and a history of 
fire suppression (Raffa et al. 2008).

As a result of fires and mountain pine beetle–caused tree mortality, the 
forested landscape in Rocky Mountain NP has changed more in the past 
decade than in the last century. The altered landscape can be shocking to 
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visitors, and one of the biggest challenges has been to educate park staff 
and the public that change is not always equivalent to loss or destruction. 
Park researchers have helped broaden the discussion by documenting that 
this type of forest stand change is not unusual (e.g., Sibold, Veblen, and 
González 2006) and that, while the mortality is dramatic, there are many 
survivors (Rocca and Romme 2009). 

To date, Rocky Mountain NP has not chosen to pursue active manage-
ment of fire frequency (e.g., prescribed burns, thinning) or beetle epidem-
ics (e.g., broadcast spraying, thinning). These decisions have been related 
to an already increased fire frequency in recent years and are consistent with 
other agencies’ approaches to addressing the continental-scale beetle epi-
demic. Active management efforts have focused on reducing thousands of 
hazard trees at campsites, visitor centers, and roadways, and indirect fire-
fighting tactics have resulted in increased acreages exposed to fire. The way 
forward includes continued education and interpretation of the dynamic 
nature of forests and how climate will continue to catalyze change, devel-

Figure 14-6   In the past decade, forest landscapes have changed in Rocky Moun-
tain National Park due to a large outbreak of mountain pine beetles. (Photo from 
the Rocky Mountain National Park digital photo library, date not available.)
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oping strategies to include fire on this fire-adapted landscape, and working 
with the public to adapt to new science, scenarios, and strategies. 

Case Study 3: Exotics

Thanks to cool temperatures, short growing seasons, high elevations, and 
relatively low levels of past agricultural use and development, Rocky Moun-
tain NP is less invaded by exotic plant species than many other national 
park units (Allen, Brown, and Stohlgren 2009). Unfortunately, a pattern 
of increasing exotic plant cover has emerged in the past decade at a time 
when visitation is reaching record highs and the effects of climate change 
are being documented. 

Cheatgrass, an exotic annual grass, is of particular concern because  
of its seemingly increasing abundance, its spread to higher elevations, and 
the large impact it has on other ecosystems. Rocky Mountain NP has sup-
ported numerous research projects on exotics and was able to verify the as-
sumption that cheatgrass cover has increased since the 1990s (Bromberg et 
al. 2011), but it is still mainly restricted to roads and disturbed areas (Banks 
and Baker 2011). Climate change is likely one of the driving factors for the 
increased distribution, and we anticipate this spread to continue over the 
next decades (West et al. 2015). 

Rather than passively accepting this change, the park has begun ex- 
ploring options for actively reducing the spread and—where possible—
eradicating populations of cheatgrass. For instance, since cheatgrass is adept 
at invading after fires, Rocky Mountain NP has committed to prescribed 
burning only when funds and personnel are available for postfire cheatgrass 
control. A long-term experiment on chemical treatment showed that the 
agent imazapic may reduce cheatgrass cover within the park with no effect 
on native plants (Davis, Brown, and Esser 2015). Finally, the park is work-
ing on a revised exotic plant management plan that will strategically address 
this recent expansion to protect the park from increasing plant invasions. 

A Way Forward

The complexity of the science, the challenges of integrating science  
into management, the difficulty of communicating climate change issues 
into stories of action—any of these could leave a person or community 
paralyzed. The sense of urgency seems greater than ever, and the tools in 
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a practitioner’s “tool box” as limited as ever. What success looks like often 
appears less clear. And yet, there is a way forward. 

As in the past, the way forward is through persistent investment in 
science and people to build understanding and coalitions of support for 
action, or inaction, as the case may be. Practically speaking, the way for-
ward at Rocky Mountain NP has been to invest in long-term relationships 
with a diversity of partners to assist us in finding ways to integrate science 
into management sooner rather than later. Consider that the time from the 
inception of science to the time it is applied can be decades. How can we 
make science timelier in order to inform and—when appropriate—to drive 
management considerations and outcomes? We have been exploring the 
following approaches over the past decade in anticipation of climate change 
and how to organizationally adapt to it:

1. Opening our minds and expanding our horizons: We often work within 
a footprint that is small relative to the conservation of a species or sys-
tem, and experience suggests that we often consider baselines of a hundred 
years, or less, to understand the past or the future. These filters can limit 
understanding and resolution of the issue at hand, lead us to invest in a po-
tentially less successful solution, ignore long-term trajectories as influenced 
by postglaciation climate or long-term environmental histories, and limit 
developing plausible future scenarios. Through practice, it has become 
clear that applying context competencies (i.e., those competencies that add 
relevancy to an issue, such as scales of time and space, paradigms, and cul-
tures) to conservation issues provides for more sustainable outcomes than 
if we are left only to our traditions of content competencies (i.e., those 
competencies that increase our knowledge about a particular topic, such 
as wildlife biology, botany, geology, and geographic information systems). 
We continue to explore better ways to understand issues and to develop 
solutions.

2. Communication, communication, communication: It has long been 
known that communication is the key to conservation success, be it with 
individuals, communities, or international partners. Rocky Mountain NP 
has supported numerous research and synthesis efforts to make the vast 
amount of research done in the park more accessible to managers and other 
researchers. One such example is the biennial science conference, foster-
ing the sharing of timely information among scientists, practitioners, park 
staff, and the public. This opportunity provides for interaction among all 
interested parties, free of charge, and in open forums for dialogue, debate, 
and inspiration. Other strategic communication examples include a climate 
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change workshop document (National Park Service 2007a), the State of 
the Alpine Report (Ashton et al. 2013), the Natural Resource Condition 
Assessment (Theobald et al. 2010), and the Vital Signs Summary report 
(Franke et al. 2015). 

Some of these research projects have been in-house synthesis efforts. 
In other cases, Rocky Mountain NP has worked with academic and partner 
agencies to develop them and has asked researchers to present and train 
management staff at workshops where current knowledge is synthesized 
and discussed. We have also found it helpful to produce strategic commu-
nication products, such as short videos, seminars, and the Rocky Mountain 
NP climate change frequently asked questions brochure (National Park 
Service 2014). These efforts are not simply informational but have a pur-
pose, a message, and anticipated audiences. 

At the end of the day, it is clear that we need to be better storytellers. 
Those trained in the sciences aren’t generally known for having that skill. 
Thus, we need to not only enhance our storytelling abilities but also part-
ner with those who tell stories well: our interpreters and educators, our 
public information officers, and those in our communities who excel at 
capturing the attention of others. In doing this, we need to help as many 
as possible (e.g., community leaders, elected officials, and young scientists) 
understand climate change and enable each to be able to share their own 
stories.

3. A business case: Although likely far from the interests of what sparked 
a conservationist to engage in this profession, business concepts have come 
to dominate contemporary paradigms of conservation and land manage-
ment agencies in the United States. Consider that language can matter and 
that reframing our actions as investments, expanding expectations of re-
turn on investment to be long term with societal relevance, and leverag-
ing investments toward greater outcomes are all simple business concepts 
that can translate into financial and institutional support. Business concepts 
meet society halfway in what will be a long-term dialogue about conserva-
tion and financing a way forward.

4. Understanding that the landscape we need to work in is dynamic: The 
footprint of where we need to work and the communities of people we 
need to collaborate with change as issues emerge. The boundary of Rocky 
Mountain NP might be considered our core area of protection, but if we 
want to address conservation issues, we also need to collaborate outside our 
boundaries (fig. 14-7).

5. Adaptive management and doing the best with what we have: Engage-
ment cannot wait for the perfect study or full funding; financial resources 
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will always be scarce relative to the magnitude of the issues we address, and 
the perfect study is often elusive. Instead, investment in partnerships, in 
long-term relationships with people and institutions, will allow resource 
stewardship to be resilient in the face of uncertainty. Certainly, the way 
forward is not alone. Nor is it in a vacuum. Integrating information into 
an adaptive framework of management (fig. 14-3) can provide the disci-
pline necessary to continually acquire, integrate, learn, and adapt to new 

Figure 14-7   Map demonstrating that different ecological issues relevant to the 
protection of Rocky Mountain National Park (RMNP) can have varied footprints, 
reinforcing the need to work beyond the boundaries of a park to ensure success. 
The protected area centered ecosystem (PACE) encompassing RMNP is one such 
footprint, along with the elk management units from Colorado Parks and Wildlife. 
RMNP is surrounded by a number of other important and permanently protected 
areas (GAP 1 and 2 protected areas).
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information that others have described and envisioned (e.g., Holling 1978; 
Walters 1986; Lee 1993). 

Conclusion

The opportunity to share thoughts relevant to how Rocky Mountain  
National Park has been responding to climate change through science is 
Rocky Mountain NP’s story and by no means was it shared to suggest that 
we have all the right answers. We are continually learning from our diverse 
park staff, partners, and others about better ways to do business, tell our 
stories, and find more effective ways of conserving resources. That said, 
we do hope that this opportunity to share ideas, working hypotheses, and 
experiences stimulates discussion and debate, and helps in our collective 
efforts.

We have all made mistakes, and we will do so again in the future. Have 
you ever looked at an action on the landscape done a generation ago and 
wondered “What in the world were they thinking to do that? It makes no 
sense!” Of course the action made sense to someone at the time and may 
even have reflected the dominant paradigm of the day, as informed by sci-
ence. So, too, will people ask that same question a generation from now. It 
is a sign of growth and the ever-evolving understanding of nature, through 
science and culture. However, let’s work smartly together to ensure that 
when the question is asked a generation from now it is followed up with 
the statement, “Oh, that makes sense!” 

What we often fail to understand as “ologists” is that land management 
decisions are rarely driven by science; rather, human values drive manage-
ment decisions—always have, always will. This will continue until we as a 
society begin to value science as fundamental to how we make decisions.
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Whitebark pine (Pinus albicaulis), an iconic tree species generally associ-
ated with upper subalpine ecosystems, provides an excellent case study for 
studying the potential impacts of climate change on a species at the land-
scape level and how it affects the conservation of that species. Whitebark 
pine is considered a keystone species in that it dominates areas where other 
tree species grow poorly or not at all and has broad effects on ecosystem 
processes. Whitebark pine canopies help regulate snowmelt, extending the 
length of spring runoff and reducing erosion (Tomback et al. 2001; Farnes 
1990). Its large, calorie-rich seeds are a valuable food source for a variety 
of wildlife species, including grizzly bears (Ursus arctos horribilis), which 
obtain the seeds almost exclusively by raiding red squirrel (Tamiasciurus 
hudsonicus) middens (Reinhart and Mattson 1990; Mattson, Tomback, and 
Reinhart 2001). Upon establishment on high-elevation slopes and other 
harsh sites, whitebark pine provides favorable microsites for the growth 
of other plant species, thus increasing ecosystem biodiversity (Keane et al. 
2012). 

Whitebark pine abundance has declined throughout its range in re-
cent years due to multiple biotic and abiotic factors (Tomback, Arno, and 
Keane 2001; Schwandt 2006). Potential impacts to whitebark pine com-
munities associated with climate change include changes in fire dynamics, 
changes in suitability of habitat for whitebark pine and competing tree spe-
cies, and changes in temperature and moisture regimes as they affect insect 
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and disease pests, particularly the native mountain pine beetle (Dendrocto-
nus ponderosae) and the occurrence and distribution of white pine blister 
rust (Koteen 1999; Schwandt 2006; US Fish and Wildlife Service 2011). 
This chapter will focus on the ecology of whitebark pine in the Greater Yel-
lowstone Ecosystem (GYE), current and potential future climate-related 
impacts, and how federal land managers are addressing these challenges.

Ecology of Whitebark Pine in the Greater  
Yellowstone Ecosystem

The Greater Yellowstone Ecosystem is a relatively intact ecosystem with 
Yellowstone National Park at its center (fig. 15-1). The GYE encompasses 
approximately 23 million acres, with vegetative communities ranging from 
sagebrush-steppe and riparian communities at lower elevations around 
4,000 feet (1,200 meters) to alpine and treeline communities at elevations 
approaching 14,000 feet (4,300 meters). In the GYE, whitebark pine is 
represented within approximately 10 percent of the ecosystem (fig.15-1), 
based on where whitebark pine is dominant in the overstory. There are 
stands where individual trees, small clumps, and understory components 
occupy a much wider range, including those within open sagebrush and 
aspen communities below 7,000 feet (2,100 meters) in elevation that are 
not represented in currently available maps.

Whitebark pine is a relatively long-lived (from four hundred to more 
than one thousand years), slow-growing conifer species (Keane and Parsons 
2010). Its dominance in mixed-species forest stands is typically limited to 
higher-elevation, harsher sites primarily by competition from other, faster-
growing conifer species (Mattson and Reinhart 1990; Tomback 2001). 
Whitebark pine cone crops vary by year; heavy cone crops are produced 
approximately every three to five years (McCaughey and Tomback 2001). 
The mode of seed dispersal and regeneration is almost entirely through a 
mutualistic relationship with Clark’s nutcracker (Nucifraga columbiana), a 
bird that removes the wingless seeds from indehiscent cones that do not 
open to release seeds upon maturity (Tomback 2001). Whitebark pine trees 
produce cones at the end of branches, which makes it easy for nutcrack-
ers to detect and collect seeds. Nutcrackers cache the seeds in the ground 
across the landscape up to 6 to 39 miles (10 to 62 kilometers) away from 
the source for future retrieval (Lorenz et al. 2011; Tomback 2001). Seeds 
that are not retrieved may germinate and grow if conditions are suitable. 
Because of this adaption, and for maximum cone production for regenera-
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tion and wildlife food, it is ideal for whitebark pines to grow in open condi-
tions, having large crowns with light on all sides. 

Whitebark pine has an adaptive capacity to survive in many different 
habitats and has survived on the landscape through wide climatic variations 
going back to the last ice age (Iglesias, Krause, and Whitlock 2015). It is 
considered moderately shade tolerant; seedlings and saplings can persist in 

Figure 15-1   Distribution of whitebark pine in the Greater Yellowstone Ecosystem.
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the forest understory from one to three hundred years, but their growth 
and reproductive maturity can be severely restricted by lack of sunlight 
(Arno and Hoff 1989). Information is limited on their ability to respond 
to release and to mature subsequent to the removal of the overstory. 

On moister, wind-sheltered sites, whitebark pine may become es-
tablished in the wake of fire or some other stand-replacing disturbance. 
However, its long-term growth and dominance on these sites is limited by 
competition from other conifer species, including lodgepole pine (Pinus 
contorta), Engelmann spruce (Picea engelmannii), and particularly subalpine 
fir (Abies lasiocarpa) (Keane and Parsons 2010). With advance forest succes-
sion, whitebark pine cover and abundance tend to diminish over time, and 
whitebark pine reduces its cone production capacity under dense subalpine 
fir canopies (Mattson and Reinhart 1990; Keane 2001). At higher eleva-
tions and at more exposed locations, whitebark pine will outcompete its 
competitors as a result of its wind and drought tolerance (Arno and Hoff 
1989; Mattson and Reinhart 1990). Open sites also favor the development 
of whitebark pine at lower elevations, from 6,400 to 6,900 feet (1,950 to 
2,103 meters), such as in northeastern Nevada (Critchfield and Allenbaugh 
1969) and other locations where whitebark pine occurs (Weaver 2001), 
possibly due to lack of competition from other tree species. 

Threats to Whitebark Pine—Past, Present, and Future

Three primary factors have caused the numbers and stand dominance of 
whitebark pine to decline across its range over the past fifty to sixty years: fire 
management and forest succession, white pine blister rust, and mountain 
pine beetle (Kendall and Keane 2001; USFWS 2011). Because whitebark 
pine is a seral species on more favorable subalpine environments, historical 
fire exclusion by humans of wildfire has removed an important disturbance 
agent required by whitebark pine to become established and gain com- 
petitive advantage over faster-growing but less fire tolerant species, such as 
subalpine fir (Keane 2001; Keane et al., in press). The introduction of the 
fungus Cronartium ribicola, the causal agent for white pine blister rust, to 
North America around 1910 has resulted in up to 90 percent mortality of 
whitebark pine in many stands throughout its range, particularly in more 
mesic areas, such as the Cascade Mountains, northern Idaho, and west-
ern Montana (McDonald and Hoff 2011). In the GYE, recent monitoring 
found blister rust infection rates in whitebark pine to be between 20 and 
30 percent (Shanahan et al. 2014). Finally, mountain pine beetle, a native 
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species that can kill stands of pine trees, including whitebark pine, has un-
dergone past outbreaks, including a particularly severe outbreak beginning 
in the early 2000s. 

These causal agents of decline have occurred in past decades in the GYE 
and throughout the range of whitebark pine (Keane et al. 2012). However, 
recent climate conditions, in varying degrees and spatial occurrences, have 
influenced whitebark pine mortality and survivorship. This was evidenced 
recently with record drought conditions in the GYE causing high mortal-
ity as a result of epidemic mountain pine beetle infestations (Macfarlane, 
Logan, and Kern 2010; Buotte 2015). 

Future climate scenarios have the potential to further affect whitebark 
pine distribution as conditions for these agents change (Chang, Hansen, 
and Piekielek 2014; Keane et al., in press). In the past, severe cold events 
(successive days of temperatures below –30 degrees F) have generally pre-
vented mountain pine beetle populations from building to outbreak lev-
els in high-elevation environments. However, warmer temperatures since 
2000 have allowed beetle populations to soar, causing significant mortality 
in the larger trees, with a 90 to 100 percent loss of the whitebark pine 
overstory in some stands (Macfarlane, Logan, and Kern 2010). Altered fire 
regimes, increased competition from other tree species, white pine blister 
rust, and increased frequency of more severe mountain pine beetle out-
breaks will separately or in combination negatively affect whitebark pine 
in the GYE. Primary climate-related impacts to whitebark pine in the GYE 
would likely involve a wide and dynamic myriad of interacting factors as 
described above and would be evidenced within varying microsites across 
the ecosystem. 

Current climate change predictions demonstrate a decline of whitebark 
pine (Chang, Hansen, and Piekielek 2014). Two overarching factors make 
impacts to whitebark pine from long-term changes in climatic conditions 
difficult to predict. First, while temperatures are predicted to increase, re-
sulting precipitation patterns are more uncertain. Precipitation in the GYE 
is predicted to increase over time, but with a preponderance of this increase 
coming in the winter, followed by more arid summers (Chang, Hansen, 
and Piekielek 2014). Past and projected future climatic conditions in the 
GYE are described in detail in chapters 4 and 7. While warmer, drier climate 
conditions might increase whitebark pine mortality from fire occurrence 
and mountain pine beetle attacks, it is also possible that drier conditions 
could benefit some habitats of whitebark pine by increasing its competi-
tive advantage over such competitors as subalpine fir as a result of its high 
drought tolerance (Arno and Hoff 1989; Keane et al., in press). 
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In many cases, seed caching sites selected by Clark’s nutcrackers give 
the establishment of whitebark pine an advantage over species with wind-
dispersed seeds, in that whitebark pine seeds tend to be placed near stumps 
and other landmarks, which can provide an ideal microsite, as opposed to 
seeds that are randomly distributed over the surface. This dispersal mecha-
nism also gives whitebark pine an advantage over wind-dispersed species 
because of the distances that nutcrackers can fly to caching sites (Tomback, 
Arno, and Keane 2001). However, another disadvantage of warmer, drier 
climate would be a decline in regeneration (seed germination and survival 
of seedlings) for all tree species. Seedlings are much more susceptible to 
heat and drought since their root systems are limited to upper soil lay-
ers, which dry more quickly, making them more sensitive to environmental 
changes than mature trees (Monleon and Lintz 2015).

Understanding the relationship between temperature and precipita-
tion is important in understanding how whitebark pine trees and other 
vegetation may be affected by climate change. In temperature-limited en-
vironments, such as higher elevations in the GYE, as temperatures increase 
so does evapotranspiration, the amount of water taken up by plants. This 
can lead to soil moisture deficits that lead to less water available for plants 
if there is not enough precipitation during the year, especially during the 
growing season, to maintain soil moisture (Thoma, Rodman, and Tercek 
2015). 

The second factor that complicates the prediction of climate change 
effects is that changes in conditions may have opposing effects on causal 
agents. For example, warmer temperatures may exacerbate mountain pine 
beetle pressure by making higher elevations more habitable to beetle infes-
tations, favoring more frequent outbreaks, but alternatively may increase 
drought stress on stand tree competitors, thereby reducing competition 
stresses. Impacts on fire regimes can have varying effects on whitebark 
pine; low- and mixed-intensity fires tend to favor whitebark pine by remov-
ing competitors that are more fire susceptible and creating openings that 
are favorable to regeneration (Campbell et al. 2011; Keane et al. 2012). 
However, severe fires will also kill mature, seed-producing stands as well 
as young trees. 

The long-term predictions for wildfire in the GYE is for more frequent 
large, severe fires, which could inhibit some forest species from regenerat-
ing (Westerling et al. 2011). An advantage that whitebark pine has over 
other conifer species following large stand-replacing fires is seed establish-
ment by Clark’s nutcrackers dispersing seeds over a far greater distance than 
the wind-dispersed seeds of competitors (Tomback 2001). This assumes 
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that adequate seed sources exist and that the numbers of seeds cached ex-
ceed those that will be retrieved and consumed (Tomback 2001; Keane 
et al., in press). Because of whitebark pine’s adaptive capacity to a wide 
range of environmental conditions, understanding the interaction of white-
bark pine ecology, regeneration mechanisms, and environmental variables 
is critical to predicting the future of whitebark pine in the GYE and how 
managers will respond to this future.

Table 15-1 summarizes potential impacts of climate change on various 
factors affecting whitebark pine survival for two general climate scenarios: 
warmer and drier, and warmer and wetter. Up arrows indicate a potential 
benefit to whitebark pine; down arrows indicate a potential detriment. 

Climate envelope models predict that suitable habitat for whitebark 
pine could be reduced by up to 95 percent in the GYE over the next century 
(Chang, Hansen, and Piekielek 2014). Another modeling effort found that 
whitebark pine is more likely to die with increases in winter and average 
fall temperatures that promote mountain pine beetle survival (Buotte et 
al., in review). While each model has limitations, such as not accounting 
for other factors that may affect whitebark pine, including fire, competi-
tion, blister rust, and ongoing management, they do provide a foundation 

Table 15-1.   Matrix of potential climate effects.

   Mountain  White Pine Blister 
Scenario Fire Competition Pine Beetle Rust (WPBR)

Warmer/ reduced  drier conditions increase in could reduce 
drier interspecies  could favor outbreaks spread of WPBR 
 competition whitebark pine
  trees over some  could increase
 stand- competitors  WPBR hosts 
 replacing   and potential 
 fire kills regeneration  infection of trees 
 whitebark of all species  
 pine trees reduced  

Warmer/ depends on competing increase in could increase 
wetter temporal  tree species outbreaks spread of WPBR 
 distribution of  favored 
 precipitation   

Note: Up arrows indicate a potential benefit to whitebark pine; down arrows indicate a 
potential detriment.
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to address whitebark pine conservation and management into the future 
(Pearson and Dawson 2003). Recognizing the importance of conserving 
whitebark pine in the GYE, the 2011 whitebark pine management strategy 
(Greater Yellowstone Coordinating Committee 2011) identified the need 
to understand the impacts of climate change on whitebark pine. The above 
studies have helped managers to understand and discuss strategies to adapt 
management efforts now and into the future. 

Within the GYE, local managers and technicians have noted the  
presence of whitebark pine beyond the dominant overstory stands de-
picted in formal forest mapping methods. We observed white bark pine at 
lower elevations in association with such stands as quaking aspen (Populus  
tremuloides), Rocky Mountain juniper (Juniperus scopulorum), and Douglas-
fir (Pseudotsuga menziesisii var. glauca). We have also observed whitebark 
pine as a prevalent understory component of mid-elevation lodgepole pine 
stands in the GYE. These observations of whitebark pine within other habi-
tats demonstrate the adaptive capacity of whitebark pine to disperse and 
compete beyond what has been depicted in existing whitebark pine distri-
bution maps. Localized site conditions, stand structures relatively free of 
competition (fig. 15-2), and potential genetic tree characteristics on low-

Figure 15-2   Whitebark pine (left side of photo) in association with Douglas-fir, 
aspen, and sagebrush at 6,900 feet elevation, Buffalo Valley, northwest Wyoming. 
(Photo from US Forest Service.) 
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elevation and mid-elevation sites that are currently mapped as “unsuitable” 
for whitebark pine in species distribution models (chap. 10) could provide 
valuable information on where and how to manage and restore whitebark 
pine as suitable habitat changes in light of potential climate scenarios.

Whitebark Pine Management in the Greater  
Yellowstone Ecosystem

Four main components of managing whitebark pine in the GYE (and else-
where throughout its range) have been established (Greater Yellowstone 
Coordination Committee 2011; Keane et al. 2012):

• Monitoring. Tracking the current and trending condition of white-
bark pine throughout its range and conducting effective monitoring 
on restoration activities. Monitoring results are used to guide protec-
tion and restoration activities.

• Protection. Preventing or minimizing damage to existing trees and 
stands from insects, disease, fire, and so forth.

• Restoration. Replanting or creating conditions that favor natural 
regeneration and dominance of whitebark pine on the landscape.

• Tree Improvement. Identifying and propagating genotypes that have 
resistance or tolerance to such adverse factors as drought and white 
pine blister rust.

Whitebark pine management in the GYE is coordinated largely by the 
Greater Yellowstone Coordinating Committee (GYCC) Whitebark Pine 
Subcommittee, which consists of representatives from five national forests, 
two national parks, the US Bureau of Land Management, and the Greater 
Yellowstone Inventory and Monitoring Network of the National Park Ser-
vice. The subcommittee prepared a management strategy for whitebark 
pine in the GYE (Greater Yellowstone Coordinating Committee 2011). 
The strategy outlines objectives (similar to those described earlier and be-
low) and methods for protecting and restoring whitebark pine on the land-
scape based on their past, current, and projected conditions. 

This umbrella document acknowledged that climate science is evolving 
and that research is continually providing new information to consider in 
the management of whitebark pine. As a result, the subcommittee devel-
oped a shorter-term Adaptive Management Action Plan, which details the 
site-specific protection and restoration actions that take into account results 
from research and monitoring. Managers in the GYE recognize that not 
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all whitebark pine stands can be, or should be, protected from all forms of 
risks and mortality. The subcommittee works together to prioritize trees 
and stand locations where protection and restoration actions can be imple-
mented in order to provide regionwide whitebark pine conservation and 
meet agency policy. 

Monitoring

Recognizing the importance of monitoring a species over time, the Na-
tional Park Service Greater Yellowstone Network, in collaboration with 
the US Forest Service, the US Geological Survey, Yellowstone and Grand 
Teton national parks, and Montana State University, initiated a long-term 
monitoring program to track and document the health and status of white-
bark pine across the GYE. This subgroup of the GYCC Whitebark Pine 
Subcommittee, known as the Greater Yellowstone Whitebark Pine Moni-
toring Working Group, developed the Interagency Whitebark Pine Moni-
toring Protocol for the Greater Yellowstone Ecosystem (Greater Yellow-
stone Whitebark Pine MWG 2011) and initiated monitoring in 2004. 

After 2011, the group analyzed data collected from two sampling time 
periods to describe changes observed since 2004 (the next comparison will 
be made after 2015). This ground-based monitoring program found that 
there had been no significant change in the blister rust infection rates of 
20 to 30 percent during the two time periods and that approximately 27 
percent of the whitebark pine (greater than 4.6 feet [1.4 meters] in height) 
in the GYE died during the recent mountain pine beetle outbreak. Of the 
tracked trees that had died, more than 70 percent were in the largest-di-
ameter size class, which is indicative of mountain pine beetle preference 
for larger-diameter trees. Fire also played a role in tree loss, as especially 
noted in the 2013 Millie Fire on the Gallatin National Forest, Montana, 
when more than 170 tagged and all understory whitebark pine trees died 
(Shanahan et al. 2014). 

In addition, the subcommittee monitors the effectiveness of restora-
tion actions such as plantings. As results from these monitoring activities 
become available, managers can adapt management actions to improve the 
effectiveness of restoration and protection actions.

Protection 

With the exception of a failed historic attempt to control Ribes spp., an al-
ternate host for white pine blister rust, in Yellowstone National Park from 
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1945 to 1978 (Kendell and Asebrook 1998), whitebark pine protection 
efforts have largely been directed toward protecting trees and stands from 
mountain pine beetle attack. The most recent outbreak began in 2000, 
peaked in 2009/2010, and has currently returned to endemic levels in most 
of the GYE (Greater Yellowstone Whitebark Pine MWG 2014). Two meth-
ods are used to protect trees from mountain pine beetles: pheromones and 
insecticides. Artificial pheromones mimic a natural anti-aggregating phero-
mone emitted by the beetles indicating that a tree or stand is fully occu-
pied—effectively a “no vacancy” sign. More effective in protecting trees 
in extremely high beetle populations is the direct spray application of an 
insecticide to the boles of individual trees that will kill the beetles when 
they attack the tree and attempt to chew through the bark.

Because the protection of individual trees over large areas is labor in-
tensive and logistically problematic, trees prioritized for protection include 
genetically superior trees (discussed later in this chapter), areas with high 
genetic diversity, and stands that are relatively intact and produce large 
amounts of seed. In addition to protection against bark beetles, selected 
individual or small stands of whitebark pines, particularly “plus” trees (de-
scribed below), are protected from wildland fire by clearing a radius of 15 
to 30 feet (5 to 9 meters) around them using a treatment called “daylight-
ing” (Keane et al. 2012). 

Restoration Treatments

Restoration is reestablishing the dominance of whitebark pine on the 
landscape following catastrophic or anthropogenic losses. A number 
of methods are used, including planting seedlings, creating openings 
conducive to the natural regeneration of whitebark pine, and removing 
trees and vegetation that directly compete with existing trees, saplings, and 
seedlings. Planting generally occurs in burned areas, since they are devoid 
of overstory and have reduced vegetative competition (fig. 15-3). Stands 
where the overstory has been lost to bark beetles or blister rust generally 
maintain well-developed understories of trees, including whitebark pine, 
precluding the need to plant. However, there may be a need to remove 
seedlings and saplings of other species to reduce competition. Other 
restoration efforts include creating openings in mature stands to promote 
the caching of seeds by nutcrackers and to release existing understory 
seedlings and saplings, and clearing around individual saplings or smaller 
trees to minimize competition and promote the development of large, 
broad-crowned trees that maximize tree growth and cone production.
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Tree Improvement

An important component of whitebark pine conservation in light of cur-
rent and future threats such as climate change is tree improvement, or the 
detection and harnessing of genetic traits that will favor whitebark pine’s 
survival and growth. The primary objective of this improvement program 
is to provide a source of whitebark pine seedlings that are resistant to white 
pine blister rust infections; in addition, the program seeks to target traits 
that are drought and cold tolerant. 

As described earlier in this chapter, drought resistance may prove to 
be an important adaptation to climate change. Beginning in 2000, around 
240 trees throughout the GYE were identified as having potential resis-
tance to white pine blister rust, based on the lack of observable symptoms 
of blister rust when it was present in the surrounding stand. These trees are 
referred to as “plus” trees (Mahalovich and Hipkins 2011). Seeds are col-
lected from these trees and propagated in a nursery setting to be tested for 
blister rust resistance; those that show resistance are used to populate a seed 
orchard that will produce resistant seed for future restoration efforts. In ad-
dition, seedlings grown from these plus trees or stands showing little blister 

Figure 15-3   Planting whitebark pine in the Salt Lick Burn, western Wyoming, 
September 2014. (Photo from US Forest Service.) 
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rust infection are used directly in restoration planting activities. Attention 
is given to where the seeds are collected so that seedlings are planted in the 
same geographic location to improve chances of survival.

Implementation Considerations and Challenges

Given the range of management tools available to protect and restore 
whitebark pine in the GYE, an important consideration and limiting factor 
is the spatial extent to which these tools may be employed. Overall man-
agement direction for the various land management agencies, as well as 
specific activities currently accepted and practiced within land management 
designations, is presented in table 15-2, along with the corresponding per-
centage of currently mapped whitebark pine habitat. Lack of road access 
to transport personnel, supplies, and equipment into remote backcountry 
such as wilderness and inventoried roadless areas often limits the practical-
ity of conducting management activities in these areas. Priority stands iden-
tified by the GYCC Whitebark Pine Subcommittee for restoration activities 
are generally within two miles of an access road.

As presented in table 15-1, one of the most likely impacts of a warm-
ing climate on whitebark pine is the potential for more frequent and severe 
outbreaks of mountain pine beetle at higher elevations (Logan, Macfarlane, 
and Willcox 2010; Macfarlane, Logan, and Kern 2010). The most recent 
outbreak is one of the most severe and widespread in recorded history in re-
lation to its effects on whitebark pine (Macfarlane, Logan, and Kern 2010). 
Endemic populations and additional outbreaks of mountain pine beetle are 
predicted to continue as temperatures are projected to increase and host 
trees grow into a desirable size for beetles (Buotte et al., in review). To 
the degree that surviving whitebark pine stands are accessible, protection 
of the best cone-bearing trees or stands, especially ones that have demon-
strated resistance to white pine blister rust, to provide a seed source for 
natural regeneration is an acceptable strategy, given current land manage-
ment policy and how much managers are willing to spend. The strategy of 
protecting select seed-bearing trees from mountain pine beetles has been 
used by land managers with some success during the most recent outbreak, 
but regionwide effects of losing mature trees and other ecological func-
tions over large expanses that are either inaccessible or where management 
direction restricts its implementation, may limit this protection strategy on 
a regional scale.
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Table 15-2.  Current management direction on mapped whitebark pine 
habitat.

Greater Yellowstone Ecosystem

Legal Direction/ WBP Restoration   %  
Agency/ Management  Tools Allowed and  Whitebark 
Allocation Philosophy  Likely to Be Used Pine

National Forests Multiple use • Planting seedlings 5%
• Custer Gallatin while maintaining   sowing seeds 
 National Forest (NF) ecological • Pruning
• Caribou-Targhee NF integrity • Seed collection
• Bridger-Teton NF  • Wildland and
• Beaverhead-   prescribed fire use 
 Deerlodge NF  • Targeted fire
• Shoshone NF   suppression
   • Mechanical thinning 
   • Research/monitoring
   • Protection from  
    mountain pine beetle

National Forests –  Maintain natural • Wildland fire use 54% 
Wilderness Area  and untrammeled • Seed collection 
(Designated  conditions • Research/monitoring 
Wilderness, Wilderness  
Study Areas, etc.) 

National Forests  –  Actions less • Planting seedlings/ 27% 
Inventoried  restricted but  sowing seeds 
Roadless Areas accessibility is  • Wildland and prescribed 
  an issue  fire use
   • Seed collection
   • Research/monitoring
   • Mechanical thinning  
    (requires USDA  
    secretarial approval)
   • Protection from moun- 
    tain pine beetle

National Parks National Park • Seed collection 13%
• Yellowstone  Service policy: • Wildland fire use 
 National Park  “Take no action that • Research/monitoring
• Grand Teton  would diminish the • Limited protection 
 National Park and  wilderness eligibility  from mountain 
 John D Rockefeller  of an area” AND/BUT pine beetle 
 Jr. Mem. Parkway 
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While current monitoring suggests that white pine blister rust infec-
tion appears relatively unchanged in whitebark pine in the GYE (Shana- 
han et al. 2014), future trends are uncertain (table15-1) and managers  
remain committed to addressing the current and future threats of this non- 
native pathogen (Greater Yellowstone Coordinating Committee 2011). 
With no feasible methods available to prevent the spread of this disease 

Table 15-2.  (Continued)

Greater Yellowstone Ecosystem

Legal Direction/ WBP Restoration   %  
Agency/ Management  Tools Allowed and  Whitebark 
Allocation Philosophy  Likely to Be Used Pine

• Occurs mostly in  “Management 
 recommended  actions…should be 
 wilderness attempted because of
  anthropogenic past 
  impacts and only  
  when knowledge and  
  tools exist to  
  accomplish clearly  
  articulated goals.” 

Bureau of Land  Multiple use while • Planting seedlings/ 1% 
Management maintaining  sowing seeds 
  ecological integrity • Pruning
   • Seed collection
   • Wildland and  
    prescribed fire use
   • Targeted fire  
    suppression
   • Mechanical thinning
   • Research/monitoring
   • Protection from  
    mountain pine beetle

Bureau of Land  Manage so as not • Planting seedlings/ 1% 
Management –  to impair the  sowing seeds 
Wilderness Study  suitability of such • Pruning 
Areas areas for preservation  • Seed collection 
  as a wilderness;  • Wildland and 
  limited management;   prescribed fire use 
  valid existing rights  
  recognized
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through stands or to protect individual trees, the protection of indi- 
viduals resistant to blister rust and especially the planting of resistant seed-
lings remain paramount to restoration efforts throughout the range of 
whitebark pine (Keane et al. 2012; Keane et al., in press). GYE land man-
agers have initiated the development of blister rust–resistant planting stock 
for whitebark pine. However, as with protection, planting resistant trees at 
this time will be limited to areas that can logistically be planted based on 
such factors as access, rockiness of the soil, competing vegetation, and land 
designations that are administratively authorized, such as nonwilderness 
areas. 

As managers incorporate knowledge gained through effectiveness 
monitoring of plantings and understanding where natural regeneration is 
successful, they can refine where to plant trees in the future. Moreover, man-
agers throughout the GYE will continue discussions about native species 
restoration on designated and recommended wilderness and on national 
park lands to determine the appropriate strategy for conserving whitebark 
pine on the landscape. The information gained through monitoring and 
research will be included in future climate modeling efforts that may be 
able to better predict where to plant trees. Current work to incorporate 
climate change into the Range-Wide Strategy for Whitebark Pine (Keane 
et al. 2012; Keane et al., in press) demonstrates that whitebark pine will 
diminish substantially under climate change scenarios, similar to the other 
modeling efforts (Chang, Hansen, and Piekielek 2014; Buotte et al., in 
review), if no management and restoration is applied, but implementation 
of restoration activities will allow for whitebark pine to be present on the 
landscape long into the future even under the predicted climate scenarios 
(Keane et al., in press).

Recognizing that climate change science is constantly evolving, the 
GYCC Whitebark Pine Subcommittee will hold periodic science reviews, 
as new information becomes available, to help inform updates to the adap-
tive management strategy. As mentioned earlier, the GYCC Whitebark 
Pine Subcommittee has developed an Adaptive Management Action Plan 
to implement identified and prioritized strategies for whitebark pine con-
servation across the GYE landscape. As part of this planning process, they 
have developed a checklist that takes into account current as well as future 
suitability given projected climate change scenarios (table 15-3). 

There are a number of potential impacts of climate change that need 
further exploration, through cooperation between scientists and managers, 
to predict how they may affect whitebark pine and conservation efforts to 
maintain it on the landscape. These include the following:
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1.  Effects of increased wildland fire on whitebark pine and its competi-
tors. Will low- to mixed-severity fires benefit whitebark pine by removing 
competing tree species, or will stand-replacing fires dominate, killing all 
trees, including whitebark pine seed-producing trees? From a management 
perspective, fire has the most potential for wide-scale use throughout the 
GYE. For instance, lightning-caused wildland fires can be managed to burn 
in wilderness, parks, and other areas, within constraints of risk to life and 

Table 15-3.  Planting site assessment checklist, developed by the Greater 
Yellowstone Coordinating Committee Whitebark Pine Subcommittee. 
It identifies variables to consider prior to initiating proposed actions and 
takes into account key research findings important for successful restora-
tion of whitebark pine. 

Planting Site Assessment Checklist

Variables/Components

 Climate projection models results
 Biorefugia/habitat suitability identified by field or  
 modeling data using biological and abiotic variables

 Edaphic characteristics: slope, aspect, soil type, 
  elevation
 Climate variables at the site level
 Available microsites—type, quantity, quality
  For burned sites, time since fire
 Overstory rust infection rate or potential  
 (low-medium-high) 
 Competing species—density, presence/absence 
 Suitability of site for competitor 
 Follow USFS seed planting guidelines 

 Develop and implement sampling and analysis plan for 
 long-term effectiveness monitoring of planting sites.
 Monitor natural regeneration within planting sites and 
 compare to natural regeneration in nonplanted sites.

Landscape-level
characteristics

Site-level
characteristics

Planting
effectiveness
monitoring
framework
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property, to increase natural regeneration as well as to promote stand resil-
iency of a more mosaic landscape in these areas (Keane et al., in press).

2.  Level of investment, in labor and other costs, that will be required to pro-
tect mature, cone-bearing whitebark pines from increased levels of mountain pine 
beetle outbreak. What level of protection and restoration will be required to 
keep ecologically functional populations across the GYE, and how will this 
be affected spatially by areas where protection is impractical or administra-
tively restricted? If it will be possible only to keep representative popula-
tions on the landscape, what will be the ecological implications?

3.  Future spread and severity of white pine blister rust. Since areas that 
can logistically and administratively be replanted with rust-resistant seed-
lings are currently limited, how will large areas lose significant seed-pro-
ducing capacity and other ecosystem functions as a result of blister rust 
infection?

4. Changes in microsite distributions. What microclimates (those sites 
with greater resolution than those of current climate models) could be 
more or less conducive to the growth and survival of whitebark pine, ir-
respective of larger-scale climatic conditions?

5.  Trend and magnitude of drought conditions. To what degree will 
drought and attendant changes in soil water balance help or hurt the ability 
of whitebark pine to compete with other tree species?

6.  Changes in ecosystem resiliency. If site conditions become less fa-
vorable to whitebark pine regeneration, how long do we have to establish 
stands under current favorable conditions so that they can become more 
tolerant of these conditions with age, and how might this be affected by  
microclimates? To what degree will resiliency increase with tree size and 
age?

7. Keystone impacts on associated species. What impacts will climate have 
on other species that are critical to whitebark pine, such as Clark’s nut-
cracker, and what could be done to keep these functionally on the land-
scape, if needed?

8. Establishment and spread of new pests or diseases under future climates. 
Could we predict and prepare for such eventualities?

9.  Potential for growth in response to overstory changes. Although not di-
rectly related to climate change but important to the resiliency of current 
and future stands, will potentially suppressed understory whitebark pine be 
able to respond and grow to reproductive maturity following changes in 
the overstory? 

10.  Changes in technology. Will improved modeling techniques include 
how the factors presented in table 15-1 will be affected by climate change 
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and, in turn, impact whitebark pine? How can these and other modeling 
techniques help managers better predict where and how whitebark pine can 
be managed and restored most effectively?

Recognizing the importance of conserving whitebark pine on the GYE 
landscape in the face of predicted changes in climatic conditions, managers 
should continue to develop, update, and implement conservation strate-
gies to protect and conserve important whitebark pine habitats and should 
collaborate with scientists to continue research that informs the implemen-
tation of the strategy. This would include allowing natural ecological pro-
cesses, such as wildland fire, to occur while identifying and protecting tar-
geted mature, cone-producing, and genetically important trees across the 
GYE, managing stands to lessen widespread competition from other tree 
species, and protecting key whitebark pine trees and stands from mountain 
pine beetle attacks where appropriate. Additionally, collecting and storing 
whitebark pine seed from key representative areas, as well as genetic strains 
resistant to white pine blister rust, will hedge against future loss of these 
trees across varying GYE landscapes. This is already occurring to some de-
gree as part of the GYE-wide genetic “plus” tree improvement program, as 
well as through general gene conservation seed collections and the identifi-
cation of genetically diverse populations. 

Of particular interest would be to protect and study whitebark pine 
in atypical areas, such as at lower elevations, until it is understood why 
these sites, or the genetic makeup of these populations, are conducive to 
their survival. Sagebrush and lower-treeline species are the only habitats 
predicted to increase with climate change (chap. 10), so understanding the 
current adaptive capacity of whitebark pine to survive in and around these 
types of habitats could be informative for long-term conservation. 

Land managers must remain receptive to advancing research, updated 
climate change models, and adaptive strategies and techniques to maintain 
and restore whitebark pine. As climate models are refined in precision and 
spatial resolution, specific areas where whitebark pine is predicted to be 
more successful in competing and regenerating can be identified and pri-
oritized for protection and treatment. Committing scarce resources to areas 
with higher probability of success could maximize the economic efficiency 
of restoration efforts. Given the longevity of whitebark pine and the rela-
tive sensitivity of tree seedlings, establishing trees while site conditions are 
still conducive to regeneration could ensure their presence on these sites 
well into the future. Maintaining the distribution of these stands over the 
landscape can preserve ecosystem functions, such as long-distance seed dis-
persal by nutcrackers, and resilience to climate change effects. 
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Conclusion

Throughout discussions of whitebark pine management, maintaining 
long-term ecosystem-wide monitoring programs, management of effec-
tiveness monitoring, and research studies are critical to understanding how 
whitebark pine is responding to climate change and disturbance factors, 
including fire, white pine blister rust, mountain pine beetle, and other fac-
tors that may not be known at this time. The information garnered from 
these monitoring and research activities will be valuable as managers de-
termine the best strategies for managing and conserving whitebark pine. 
As we learn more about the effects of climate change, we will be able to 
understand changes to ecosystem dynamics, adapt management strategies 
in order to maximize their effectiveness and success, and inform managers 
how to most effectively maintain this important ecological species across 
the GYE landscape into the future.
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An overarching question in natural resource management is, “How well 
are we sustaining entire ecosystems under climate and land use change?” 
The chapters of this book have dealt with understanding and manag-
ing landforms, tree species, and fish and vegetation communities in the 
face of changing climate. Application of the Climate-Smart Conservation 
framework is typically in the context of species, communities, or ecologi-
cal processes deemed to be the most vulnerable to climate change. The ef-
fectiveness of adaptation options for vulnerable elements can be evaluated 
through adaptive management in which multiple treatments are imple-
mented, monitored, and compared (chap. 13). 

Ultimately, however, it is at the scale of entire ecosystems that man-
agement effectiveness needs to be evaluated. It is the interactive effects of 
stressors (such as climate change and land use change), ecosystem pro-
cesses, and biodiversity and the multiple management strategies employed 
across all natural resources that determine the ecological condition of an 
ecosystem (Parks Canada Agency 2008). Unfortunately, monitoring the 
ecological status and trends across entire ecosystems is seldom done, and 
methods for doing so and for communicating results to stakeholders are 
underdeveloped. Consequently, we often do not know whether ecosys-
tems are approaching tipping points at which additional small changes in 
stressors can result in large reductions in ecosystem services (Scheffer et al. 
2015). Yet, if stakeholders had such information, they might factor it into 
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their personal-, business-, and governmental-level decision making in ways 
that further sustain ecological condition and services.

Insights into the challenges and benefits of monitoring entire wildland 
ecosystems can be obtained from a look at the Greater Yellowstone Eco- 
system (GYE) in the US northern Rockies. The GYE is widely considered 
to be one of the iconic wildland ecosystems in the world’s temperate zones. 
The designation of Yellowstone as the first national park in 1872 was in-
strumental in the subsequent development of the global protected area net-
work (Schullery 1997). Today, the GYE remains one of the largest areas of 
relatively natural lands in the contiguous United States. Federal lands make 
up most of the ecosystem, and this portion of the GYE is managed with the 
benefit of the considerable resources and expertise of the US government. 
Moreover, conservation on private lands has been promoted by numer-
ous conservation organizations and land trusts. Thus, the GYE represents a 
large and relatively well managed wildland ecosystem. 

The natural characteristics for which the GYE is so well known, how-
ever, are now attracting many new residents and businesses entrepreneurs 
who are seeking natural amenities. Consequently, the GYE is best de-
scribed as a rapidly humanizing wildland ecosystem. Human population 
size, rural housing, and backcountry recreation are growing rapidly within 
the ecosystem (Hansen et al. 2002; Gude, Hansen, and Jones 2007). The 
potential impacts of human development on the ecosystem are exacerbated 
by current and projected future climate change. These trends lead to the 
fundamental question: “How well are we sustaining GYE as a wildland 
ecosystem?”

We address this question by evaluating trends in ecological integrity 
across the public and private lands that comprise the GYE (fig. 16-1; Han-
sen et al. 2002). This delineation of the GYE was based on both ecological 
and socioeconomic factors and includes a larger private land component 
than the Yellowstone Protected Area Centered Ecosystem defined in chap-
ter 1. We use the GYE as the area of analysis for this chapter because lo-
cal stakeholders and policy makers typically consider both socioeconomic 
and ecological factors when making decisions relating to resource manage-
ment, and the GYE boundaries include the areas of strong socioecological 
interactions.

An ecosystem is said to have integrity when “the structure, composi-
tion and function of the ecosystem are unimpaired by stresses from hu-
man activity; natural ecological processes are intact and self-sustaining, the 
ecosystem evolves naturally and its capacity for self-renewal is maintained; 
and the ecosystem’s biodiversity is ensured” (Parks Canada Agency 2008; 
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see also Karr 1987). Ecological integrity has been recommended as a basis 
for monitoring the status of protected areas (Parrish, Braun, and Unnasch 
2003; Chape et al. 2005), and this approach is in use in Canada (Parks 
Canada Agency 2008) and in the Great Northern Landscape Conservation 
Cooperative (Greater Northern LCC; Finn et al. 2015). 

Figure 16-1   Shaded relief map of the Greater Yellowstone Ecosystem as delin-
eated by Hansen et al. (2002). Yellowstone National Park (center) and other public 
lands are outlined in white. 
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We first review the history of land use and climate change in the GYE. 
The influences of these human forces on ecological processes and biodi-
versity are summarized. We then evaluate how well measures of ecological 
integrity are being monitored and reported. Finally, we draw on current 
information to present a “report card” on the ecological integrity of the 
GYE. This review is largely based on previously published literature and 
data. We do, however, add a new analysis of the extent of “developed” lands 
across the GYE and the extent to which this development has fragmented 
habitats of various types.

A Brief History of the Greater Yellowstone Ecosystem

The Greater Yellowstone Ecosystem is centered on the Yellowstone Plateau 
and the surrounding mountain ranges. The region has been uplifted as the 
continental plate has moved over the Yellowstone volcanic hot spot over 
the past 2 million years (Mogk et al. 2012). The resulting high elevations 
and midcontinental setting causes climate to be relatively harsh across the 
GYE. Winters are long, cold, and with heavy snowpack at higher eleva-
tions, and frost can occur any time of year (Despain 1990). The volcanic 
soils are relatively infertile. Plant productivity is relatively low over most 
of the area, but higher in valley bottoms, where climate and soils are more 
favorable (Hansen et al. 2000). The extensive snowpack is a source of wa-
ter for the eight major rivers that flow from the GYE. These rivers feed 
the three major watersheds of the western United States—the Missouri, 
Colorado, and Columbia—and thus the GYE is called the “water tower” 
of the West.

The remoteness of the GYE and its harsh climate influenced the history 
of human settlement of the ecosystem. Prior to the presence of EuroAmeri-
cans, the GYE was at the intersections of the lands occupied by several 
Native American groups (Janetski 1987). While these tribes hunted in the 
GYE, only small groups of Shoshones lived in what is now Yellowstone 
National Park, presumably due to the harshness of the climate. Starting 
with Lewis and Clark in 1806, EuroAmerican explorers and trappers passed 
through the lower elevations of the GYE, but the Yellowstone Plateau and 
the higher mountains remained relatively unknown until the Folsom Ex-
pedition of 1869 and the Washburn Expedition of 1870 (Haines 1977).

Westward expansion from the densely settled eastern United States was 
well under way at this time. However, the main route to the northwestern 
United States, the Oregon Trail, bypassed the GYE to the south. Direct 
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access to the GYE from the population centers in the East was largely 
blocked by Native Americans until after the Battle of the Little Bighorn in 
1876 (Garcia 1967). Approaching by the long southwestern route, gold 
miners arrived in southwestern Montana in early 1860s (Black 2012). 
Ranchers, farmers, and townspeople began moving into the area soon 
afterward. They settled largely in the more fertile river valleys, and these 
were claimed as private lands. 

In recognition of its scenic and geothermal wonders, the Yellowstone 
Plateau was designated as the world’s first national park in 1872 with 
repeated park expansions until the 1920s (Haines 1977). Further protection 
followed when the surrounding mountainous lands were designated as the 
first national timber reserves in the 1890s and then became national forests 
in 1905. Today, Yellowstone National Park and the surrounding federal 
and state lands comprise 64 percent of the GYE, with private lands being 
largely in the valley bottoms and lower elevations surrounding the public 
lands. Despite the creation of the national park, EuroAmerican migration 
into the GYE was hindered by the remoteness of the area until the 1970s. 
The GYE population increased slowly during the 1900s relative to many 
places in the western United States and remained below about 220,000 
until the late 1960s.

Starting in the 1970s, the mountain wilderness of the GYE that had 
dissuaded settlement became an attractant. Particularly by the 1990s, many 
people and businesses moved into the GYE because of the scenery, access to 
public lands, and outdoor recreation and other “natural amenities” (Rasker 
and Hansen 2000). The population of the twenty counties of the GYE has 
more than doubled since 1970 to the current level of 470,000 (fig. 16-2), 
with some counties in the ecosystem being among the fastest increasing in 
the nation. Many of the natural amenity migrants choose to live “out of 
town” on ranchettes and in exurban subdivisions. Consequently, exurban 
home density has increased dramatically since 1970 (Gude et al. 2006). 
The proportion of private lands with low densities of homes (rural, 0.012–
0.025 homes per acre, or 0.031–0.063 homes per hectare) has steadily 
declined, while the proportion in exurban (0.025–0.05 homes per acre, 
or 0.063–0.145 homes per hectare) and suburban/urban densities (>0.58 
homes per acre, or > 1.45 homes per hectare) and commercial /industrial 
densities has increased (fig. 16-3). Today, exurban housing extends in 
a radius of commuting distance around most of the towns and cities of 
the GYE and fringes the public lands boundaries. Population growth is 
projected to continue in future decades, with the US Census forecasting a 
population of 750,000 by 2040 (Davis and Hansen 2011).
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One of the natural amenities sought by GYE residents and visitors is 
outdoor recreation. Fishing, hunting, hiking, backcountry skiing, moun-
tain biking, and off-road vehicle use are all means by which people access 
wildlands. Growth in population would suggest increases in these back-
country activities. Unfortunately, data on change in backcountry use across 
GYE are sparse. Total visitation to Yellowstone and Grand Teton national 
parks increased rapidly until the early 1990s, plateaued until about 2008, 
and has been rising since then (fig. 16-4; Yellowstone Center for Resources 
2011). The number of backcountry overnight visitations in Yellowstone 
National Park increased until about 1995 and has been relatively stable 
since then. Skier days in area ski resorts have risen rapidly over the last few 
decades (fig. 16-5). Backcountry skiing rates have likely increased also, but 
data are not available.

In addition to changes in land use, the GYE has also been undergo-
ing changes in climate (chap. 5; Chang and Hansen 2015). Average an-
nual temperature has increased 1.1 degrees F (0.6 degrees C) per century 
since 1900, primarily due to rises in minimum temperatures in spring and 
summer (1.5 degrees F [0.8 degrees C] per century) and reduced winter 

Figure 16-2   Change in human population (left Y axis) and in annual percent 
change (right Y axis) for the twenty counties of the Greater Yellowstone Ecosystem.
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extreme cold. Very cold winter monthly temperatures (< 0 degrees F, or < 
–18 degrees C) occurred about every six years prior to 1993 and have not 
occurred since then. Most of the warming has occurred since 1980. Pre-
cipitation has increased slightly in the past three decades, but not enough 
to offset evaporation due to increased temperatures; thus, aridity has in-
creased slightly. By 2100, temperature is projected to increase from 3.6 to 

Figure 16-3   Proportion of the Greater Yellowstone Ecosystem in housing density 
classes in decades since 1970. (Data from Theobald 2014.)

Figure 16-4   Visitation rates to Yellowstone and Grand Teton national parks since 
1970. (Data from https://irma.nps.gov/Stats/Reports/Park.)
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16.2 degrees F (2 to 9 degrees C) above the average for the reference period 
1900–2010. The aridity index is projected to increase moderately or sub-
stantially, depending on climate scenario. Forecasts project that the current 
climate changing pattern we have experienced for the past thirty years will 
continue and become more severe. 

Changes in Ecosystem Processes

Although the Greater Yellowstone Ecosystem has relatively high levels of 
natural variability in climate and disturbance, trends in ecosystem processes 
related to human land use and climate warming have emerged. The observed 
warming has reduced snowpack (chap. 7). April 1 snow water equivalent 
(SWE) is currently 20 percent lower than the average for the period 1200–
2000 (Pederson et al. 2011). Moreover, 1900–2000 represents the longest 
period of below-average snowpack in the 800-year record, and the decade 
of the 1990s was among the lowest in the century.

Climate change and land use practices over the past century, such as 
irrigated agriculture, have also influenced streamflow and temperature. 
Stream discharge declined during 1950–2010 in 89 percent of the streams 
analyzed in the central Rocky Mountains, including those in the GYE 
(Leppi et al. 2012). Reduced flows were most pronounced during the sum-

Figure 16-5   
Trends in annual 
skier days in three 
major ski resorts in 
the Greater Yellow-
stone Ecosystem. 
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mer months, especially in the Yellowstone River. Stream temperatures have 
warmed across the region by about 1.8 degrees F (1 degree C) over the past 
century (Al-Chokhachy et al. 2013). Stream warming during the decade of 
the 2000s exceeded that of the Great Dustbowl of the 1930s and represents 
the greatest rate of change over the past century.

Most rivers in the GYE have impoundments or water withdraws for 
human use. These human alterations influence peak flows, water tempera-
ture, stream sediment, channel morphology, and habitat structure. An 
assessment of hydrologic integrity based on reservoir surface area, total 
surface water withdrawals, and total consumptive water use was done for 
forty-one watersheds across the GYE (Van Kirk and Benjamin 2001). The 
assessment found that watersheds at lower elevations around the perimeter 
of the GYE had substantially lower hydrological integrity scores than those 
in headwater areas (fig. 16-6).

Water quality remains high across most of the public lands of the  
GYE (Yellowstone Center for Resources 2011). Streams and rivers flow- 
ing through developed private lands, however, incur inputs of nitrogen, 
phosphorous, sediment, bacteria, herbicides, pesticides, and chemical 
hormones. Sampling of water quality is currently inadequate to quantify 
trends in water quality on private lands or impacts on aquatic ecosystems 
(Van Kirk and Benjamin 2001). Ad hoc sampling of individual streams, 
such as Sourdough Creek downstream of Bozeman, Montana, in the north- 
ern portion of the GYE, reveals elevated levels of nitrate, phosphate, and 
E. coli (W. F. Cross, personal communication, Montana State University 

Figure 16-6   Spatial distribution of hydrological integrity by watershed (left) and 
status of native trout and grayling by watershed (right) across the Greater Yellow-
stone Ecosystem. (Redrawn from Van Kirk and Benjamin 2001.) 
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Water Quality Extension). This level of pollution may influence aquatic 
ecosystems by altering the structure of communities and the rates of eco-
system processes, such as primary production and decomposition, that un-
derpin stream ecosystem health (Allan and Castillo 2007). The pervasive-
ness of such degradation of water quality and ecological effects across the 
private land portion of the GYE is currently unknown but should be of 
high concern. 

Land use and climate change have also influenced natural disturbance 
regimes in uplands. Although human activities have not yet had a discern-
ible impact on fire regimes in subalpine forests in the GYE (Romme and 
Despain 1989), fire regimes at the lower-forest treeline appear to have un-
dergone two regime shifts since EuroAmerican settlement. The relatively 
frequent and low-intensity natural fires in this zone were largely excluded 
between 1880 and 2000 by cattle grazing, land development, and human 
fire suppression (Littell 2002). As a consequence of this fire exclusion, for-
ests expanded into sage/grasslands in this zone and became denser, increas-
ing fuel loads (Powell and Hansen 2007). Since 2000, several large and 
intense fires have occurred in the lower forest zone due to drought and high 

Figure 16-7   Area burned across the Greater Yellowstone Ecosystem by vegeta-
tion type since 1984. The inset shows the large area burned in the extreme 1988 
fires. (Data from the National Monitoring Trends in Burn Severity database.)
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fuel loads (fig. 16-7). This may be an early formulation of the fundamental 
shift in fire toward the increased fire frequency projected for the coming 
century under climate change (Westerling et al. 2011).

Another consequence of warming has been an outbreak of forest pests 
and forest die-off (chaps. 10 and 15). Mild winter temperatures have been 
found to directly relate to the survivorship of overwintering mountain 
pine beetle (Dendroctonus ponderosae), the major pest of the whitebark pine 
(Pinus albicaulis) (Logan, Macfarlane, and Willcox 2010; Logan and Pow-
ell 2009). Arid summers likely provide a compounding effect of increasing 
pine beetle development rates and increasing resource stress on whitebark 
pine. Since 1999, an eruption of mountain pine beetle events has been ob-
served that exceeds the frequencies, impacts, and ranges documented dur-
ing the past 125 years (Raffa et al. 2008; Macfarlane, Logan, and Kern 
2013). Aerial assessment of whitebark pine species populations within the 
GYE has indicated a 79 percent mortality rate of mature trees. At lower 
elevations, elevated rates of Douglas-fir (Pseudotsuga menziesii) and lodge-
pole pine (Pinus contorta) mortality have also been recorded. 

Trends in Biodiversity

Changes in climate and land use also influence plant and animal species and 
communities. For example, land use development fragments natural habi-
tats, and the proportion of original habitat remaining today is a measure of 
human impact. 

In previous studies, we drew on the concept of human disturbance 
zone to quantify the cumulative effects of human land uses across the 
GYE (Gude, Hansen, and Jones 2007; Jones et al. 2009; Davis and Han-
sen 2011; Piekielek and Hansen 2012). The disturbance zone approach 
(Theobald et al. 1997) is based on a functional relationship between ef-
fect on habitat and distance from development. Many studies have found 
that roads, rural homes, and other types of human development degrade 
habitat quality some distance beyond the actual location of the human in-
frastructure. Mapping the cumulative “disturbance zone” among land use 
types is an index of the proportion of a wildland ecosystem that has been 
degraded by human development. In addition to using this approach to 
quantify development effects around protected areas, as in the studies cited 
above, Theobald (2014) used the approach to develop an index of land-
scape integrity, which is defined as the inverse of cumulative development 
and analyzed patterns across the United States (see chapter 6 for an applica-
tion with the Great Northern Landscape Conservation Cooperative).
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Because our previous analyses of disturbance zone across the GYE were  
based on data through 2007, we redid the analyses with newer data on land 
use (including through 2013). Exurban residential housing was mapped 
based on groundwater well data and county assessor tax data. For seven 
counties in eastern Idaho, tax assessor records were used to identify the 
number of homes in each quarter section. For all other counties, domestic 
wells data were used to represent rural homes. In Montana, this data was 
provided by the Montana Bureau of Mines and Geology, and in Wyoming 
the data was provided by the State Engineer’s office. Data for urban, sub-
urban, and agricultural lands were derived from the US Geological Sur-
vey’s National Land Cover 2011 edition data set (NLCD) (Jin et al. 2013). 
Road data from US Census Bureau Tiger/Line files used and included pri-
mary and secondary roads (feature class codes A11 to A41; US Census 
Bureau 2014). 

Because NLCD labels areas that are close to all roads as “developed,” 
we masked this NLCD developed class within public lands if there was 
no other evidence of human modification. The distance of the disturbance 
zone around each land use type was estimated based on previous studies 
(see the references cited earlier). We buffered all rural homes and wells by 
3,280 feet (1 kilometer), NLCD classes by 1,640 feet (500 meters), and 
roads by 328 feet (100 meters), consistent with Gude, Hansen, and Jones 
(2007). The resulting map of developed lands covers about 30 percent of 
the area of the GYE (fig. 16-8).

We obtained habitat data for several vegetation types, wildlife species, 
and irreplaceable biophysical settings (table 16-1). We overlaid developed 
lands on these habitat types to estimate reduction in habitat area due to 
land use. We found that loss of area of habitat types that are centered on 
higher elevations and on public lands has been minor (10 to 13 percent  
for subalpine coniferous forests and grizzly bear, Ursus arctos horribilis) (fig. 
16-9). Habitat loss was intermediate (25 to 32 percent) for vegetation 
types at mid-elevations (Douglas-fir, aspen, upland deciduous) and for 
elk habitats. Habitat types most reduced (39 to 57 percent) were those 
overlapping lower elevations and private lands, including sagebrush/
grasslands, bird hot spots, moose habitat, pronghorn habitat, and large 
river riparian zones. Within private lands, habitat loss was 50 percent or 
more for all of the habitat types and 89 percent for large river riparian zones.

Although habitat area has been lost for many elements of biodiver-
sity, large mammals of high conservation concern have expanded dramati-
cally in population size and range. The GYE is the heart of the major large 
mammal restoration in the northern Rockies (Picton and Lonner 2008). 
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Large mammals were decimated in the region in the late 1800s as a result of 
market hunting. The grey wolf was entirely extinct, and small populations 
of bison, grizzly, elk, bighorn sheep and pronghorn antelope persisted in 
remote locations, such as the area that is now Yellowstone National Park. 
Focused conservation efforts have allowed these populations to grow and 
flourish to the point that the GYE is now a major source area for wildland 
species that are currently repopulating other parts of the western United 
States. 

Figure 16-8   Locations within the Greater Yellowstone Ecosystem that are con-
sidered “developed” as defined as locations in or near urban, suburban, rural resi-
dential, agricultural lands, or roads (see chapter text for details). 
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Table 16-1.   Habitat data for several vegetation types, wildlife species, and irre-
placeable biophysical settings.

   Proportion Overlaying  
Habitat   Land Use Development
Type Definition Source  Private Lands All Lands

Aspen Stands dominated Brown et al.  56 27 
 by aspen (2006) 
Riparian Rivers buffered by USGS 1992 National 89 57 
habitat 256 meters and Land Cover;  
 adjacent deciduous USGS/EPA 1999 
 habitat  Hydrography; USFS 
  1990–2001 stand map
Sage/ Nonforest vegetation  USGS NLCD 68 39 
grassland dominated by sagebrush  
 and grassland communities  
Upland woody   63 32 
deciduous   

Douglas-fir  Forests dominated by FIA, Forest 50 25 
forest Douglas-fir, which occurs Type data 
 in the productive lower- 
 treeline to mid-elevation  
 portion of the GYE  
Subalpine  Coniferous forests FIA, Forest 50 10 
coniferous dominated by lodgepole  Type data 
forest pine, subalpine fir, Engelmann  
 spruce, or whitebark pine  
Bird hot Areas of > 70%  of Hansen et al. 65 41 
spots maximum bird diversity (2002) 
 and abundance  
Irreplaceable  Multicriteria assessment based Noss et al.  
areas on habitat and population data  (2002) 
 for terrestrial and aquatic  
 GYE species   
Pronghorn Habitat suitability; expert Montana Fish,  66 51 
 opinion  Wildlife, and Parks;
  Wyoming Game  
  and Fish 
Moose Habitat suitability;  Montana Fish,  64 44 
 expert opinion  Wildlife, and Parks
  Wyoming Game  
  and Fish 

Grizzly bear Edge of composite polygon Schwartz et al.  61 13
 of fixed-kernel ranges from all (2002)
 grizzly locations (1990–2000)  

Elk winter Habitat suitability; expert  Rocky Mountain 
 opinion Elk Foundation 56 30
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The grizzly bear was declared a threatened species in 1975 when the 
population was about 136 individuals. The current population size exceeds 
600 (fig. 16-10), and the area occupied by the population has expanded by 
more than 50 percent from a core in Yellowstone National Park to most of 
the GYE (Yellowstone Center for Resources 2011). The bison (Bison bison) 
population grew from about 50 individuals in 1900 to more than 4,500 
today and has expanded its migratory range to lower-elevation grasslands 
outside of Yellowstone National Park. In the twenty years since the grey 
wolf (Canis lupus) was reintroduced into GYE, the population has grown to 
more than 500 individuals and the population range has expanded dramati-
cally, with individuals wandering as far as Oregon, Colorado, and Arizona. 

This wildlife success story has created a new set of management chal-
lenges relating to humans learning to live with dangerous wildlife. As these 
large mammals expand from core public lands to private lands, there is con-
siderable concern about conflicts with people relating to risk to humans, 

Figure 16-9   Spatial distribution of suitable habitats for various elements of 
biodiversity overlaid on lands classified as developed across the Greater Yellowstone 
Ecosystem. Habitat types are described in the chapter text.
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livestock and pet depredation, spread of disease, and damage of fences and 
property. In fact, the largest source of mortality for adult grizzly bears re-
sults from conflict with people due to accidental death (e.g., highway fatali-
ties) or euthanasia of “problem” bears (Schwartz, Haroldson, and White 
2010). Expansion of bison into winter habitats in the lower-elevation valley 
bottoms surrounding the national parks has been constrained by livestock 
managers concerned about the spread of brucellosis. A great deal has been 
learned about minimizing wildlife-human conflict involving both modi-
fying human behavior and controlling wildlife in locations of high nega-
tive impact (e.g., Mattson et al. 1996; Bangs et al. 2005). As the human 
population continues to expand in the GYE, means and methods of liv-
ing with dangerous wildlife will be essential for maintaining these wildlife 
populations. 

Figure 16-10   Population sizes of select large mammals in the Greater Yellow-
stone Ecosystem since 1970. (Data from Center for Natural Resources, Yellow-
stone National Park.)
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Most bird species in the GYE are migratory, and their population 
dynamics reflect population dynamics over subcontinental- to continental-
sized areas. Birds of prey, such as bald eagle (Haliaeetus leucocephalus) 
and peregrine falcon (Falco peregrinus), have largely been increasing in 
abundance across the GYE as they have been continentally since the use of 
pesticides such as DDT was curtailed in the 1960s. Habitat for songbirds 
associated with willow, aspen, and riparian habitats have expanded in 
the past two decades in the Yellowstone Northern Range following the 
reintroduction of wolves, reduced elk herbivory, and expansion of woody 
deciduous plant species (Baril et al. 2011). Bird diversity and abundance, 
however, are concentrated in the GYE in valley bottoms and toe slopes with 
more favorable climate, better soils, and faster-growing plants (Hansen et 
al. 2002). These bird hot spots are disproportionately on private lands, 
where they overlap with rural home development and agriculture (Gude, 
Hansen, and Jones 2007). These land uses favor midsized native and exotic 
predators (Hansen et al. 2005). Consequently, songbird reproduction in 
hot spots near human development is depressed by predation, and these 
habitats are now population “sinks,” where reproduction is below mortality 
and the populations would go extinct if not supplemented by immigrants 
from other locations (Hansen and Rotella 2002). 

In contrast to large mammals, native fish in the GYE have been de- 
clining in recent decades (chap. 12). All four subspecies of cutthroat trout 
(Oncorhynchus clarkii) native to the GYE, as well as the native Montana 
grayling (Thymallus arcticus montanus), were suggested by conservation or- 
ganizations for endangered species protection in the 1990s. The primary 
threat to these native fish are exotic fishes. The nonnative brown trout (Salmo 
trutta), rainbow trout (O. mykiss), and brook trout (Salvelinus fontinalis) are 
now widespread throughout the GYE, and lake trout are found in many 
GYE lakes and reservoirs, including Yellowstone and Jackson lakes. More 
recently, eastern warm-water species have moved into the GYE, including 
smallmouth bass (Micropterus dolomieu) and northern pike (Esox lucius). 

These exotic species reduce native fish distributions and populations 
through hybridization, predation, and competition. The impacts of the ex-
otic fish species are exacerbated by reduced river flows, increased pollution, 
impoundments, loss of connectivity between headwater populations, and 
the exotic whirling disease. Van Kirk and Benjamin (2001) assessed the 
status of native fish across the GYE based on current distribution relative to 
historic distribution. They ranked the status of native salmonids as “good” 
in eight of forty-one watersheds (20 percent), “fair” in four (10 percent), 
and “poor” in the remaining twenty-nine. All watersheds in which native 
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salmonid status was either good or fair occurred in the Upper Yellowstone, 
Upper Snake, and Bear River basins (fig. 16-7). Watersheds with poor sta-
tus were in lower watersheds on both private and public lands. 

Except for the high levels of mortality in whitebark pine described 
earlier, vegetation in the GYE appears to be resilient to the level of climate 
change that has occurred to date. Climate change in the coming decades, 
however, is projected to exceed the climate tolerances of most tree species 
in portions of their current range in the GYE (chaps. 9 and 10). In general, 
climate suitability for tree species is projected to shift upslope. Climate 
suitability for whitebark pine, now at upper treeline, is projected to be 
largely lost in the GYE. The suitability of subalpine species shifts to the 
current alpine zone, mid-elevation montane shifts to the current subalpine 
zone, and low- to mid-elevation forests become suitable for the nonforest 
sagebrush/grassland and juniper communities now in the valley bottoms. 

Ecological Integrity Report Card

Given the changes described above, how well has the ecological integrity 
of GYE been sustained? To what extent are the criteria from the Parks 
Canada Agency (2008) quoted near the beginning of this chapter being 
met, including “the structure, composition and function of the ecosystem 
unimpaired by stresses from human activity; natural ecological processes 
intact and self-sustaining, the ecosystem evolves naturally and its 
capacity for self-renewal is maintained; and the ecosystem’s biodiversity is 
ensured”? 

The information required to answer this question, largely reviewed 
above, is far from complete (table 16-2). The highest level of monitoring, 
analysis, and reporting of results is within the national parks (e.g., Yellow-
stone Center for Resources 2011). Virtually no monitoring is done by the 
other federal land management agencies in the GYE, with the exception of 
those mentioned below. Monitoring on private lands is very limited. The 
only measures of ecological integrity that are regularly monitored across 
the private and public lands are those monitored by national programs (cli-
mate, river discharge, snow water equivalent, tree species, breeding and 
wintering birds), and none of these is summarized and reported at the level 
of the GYE. Monitoring and reporting is done across the entire ecosystem 
for high-profile mammal species that are largely restricted to public lands 
(e.g., grizzly bear and gray wolf). Consequently, environmental decision 
makers, such as county commissioners, do not have the benefit of including 
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Table 16-2.  Status of monitoring and reporting of indicators of ecological 
integrity within the Greater Yellowstone Ecosystem. 

       Summarized  
       and Reported  
       by Media 
Class of       GYE-wide  
Vital Sign Vital Sign Quantified By Frequency Extent Periodically

Stressors     
Population Human US Census Decadal  US  No 
 density  since 1900  
Developed  Rural homes, NPS I&M; Once GYE No 
lands suburban, urban,  Gude, Hansen, 
 commercial,  and Jones 2007;  
 agriculture,  Piekielek and 
 wells, roads Hansen 2012
Backcountry  Public lands NPS Annually YNP,  National 
recreation visitation   GTNP Parks only
 Backcountry  NPS Annually YNP YNP only 
 visitor nights    
 Hunting licenses States Annually Within Within 
     states  states only
 Fishing licenses States Annually Within  Within 
     states  states only
 Resort skiing Ski areas Annually Individual  No 
     resorts  
 Mountain biking, Not    No 
 backcountry  quantified 
 skiing, wildlife  
 viewing    
Air  Air quality NPS Annually YNP,  National  
     GTNP  Parks only
Climate Temperature NPS I&M Annually GYE No
 Precipitation NPS I&M Annually GYE No
Exotics Aquatic No    No
 Terrestrial plants No    No

Ecological Processes Response     
Snowpack Apr 1 SWE USGS Annually  US  Within Water- 
    since 1950   sheds only
Water River discharge USGS Annually  US  Within Water- 
    since 1950   sheds only 
 Quality NPS  YNP,  National parks 
     GTNP only
 Temperature No    No
 Hydrologic  Van Kirk and Once GYE No 
 integrity Benjamin 
   2001  



346 managing under climate change

Table 16-2.  (Continued)

       Summarized  
       and Reported  
       by Media 
Class of       GYE-wide  
Vital Sign Vital Sign Quantified By Frequency Extent Periodically

Forest  Whitebark pine NPS I&M; Annually GYE Yes
mortality mortality  since 2004 
Fire Acres burned USFS Annually US No

Biodiversity Response     
Habitat  See fig. 16-9 This Once GYE No 
fragmentation   chapter 
Trees  Basal area by  USFS FIA Five-year US No 
 species  intervals  
    since 1990s 
Mammals Wolves USFWS  Annually  GYE Yes 
    since 1996 
 Grizzly bear NPS Annually   GYE Yes 
    since 1975
 Elk NPS, States Annually Within  Individual 
     hunting  herds 
     districts  only 
     or ranges 
 Moose No    No
 Pronghorn NPS, States Annually Within  No 
     hunting  
     districts or 
     ranges 
 Mule deer NPS, States Annually Within  No 
     hunting  
     districts or  
     ranges 
 Bighorn sheep NPS, States  Annually Within  No 
     herds 
Birds Breeding birds BBS Annually  US No 
    since 1980s 
 Wintering birds CBC Annually  US No 
    since 1900s 
Amphibians Four species NPS I&M Once YNP No
Fish Cutthroat throat NPS Annually Yellow- No 
     stone Lake 
 Arctic grayling No    No
Biodiversity  Elk migration Wyoming Current GYE No 
indices   Coop Unit 
 Connectivity Theobald  Once US No 
   2010, 2014 
 Bird hot spots Hansen et al.  Once GYE No 
   2002  
 Irreplaceable  Noss et al.  Once GYE No 
 areas 

Note: US = United States; GYE = Greater Yellowstone Ecosystem; GTNP = Grand Teton Na-
tional Park.
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impacts on GYE ecological integrity in the information they consider when 
evaluating development projects such as subdivision approvals. 

Based on the information that is available, ecological integrity for the 
GYE can be summarized in the form of a report card (table 16-3) that 
grades public lands, private lands, and the GYE as a whole. This exercise 
is subjective and based on inadequate data. Our goal is to make a case  
for more rigorous monitoring and reporting and for development of  
criteria to more objectively assess trends in ecological integrity. Examples  
of other attempts to quantify the ecological condition of wildland eco- 
systems include Lookingbill et al. (2014), Hansen et al. (2014), and 
Scheffer et al. (2015).

Public lands in the GYE continue to have all native species present, 
and their structure, function, and composition are largely well within 
the natural range of variation. The restoration of degraded or extirpated 
populations of large mammals (wolves) is a major conservation success 
story. Thus, high grades are assigned for most elements of ecosystem 
function and biodiversity on public lands. The initial responses to climate 

Table 16-3.  Greater Yellowstone Ecosystem ecological integrity report 
card.

 Public Lands Private Lands All Lands

Vital Sign Grade Certainty Grade Certainty Grade

Snowpack and river discharge C High D High C
Air quality A High B High B
Hydrologic integrity and  A High D Low C 
water quality 
Forest mortality C High B High C
Wildfire deviation from  A Medium C Medium B 
natural range 
Habitat fragmentation A High C High B
Large mammals A High A High A
Breeding birds A Medium C Medium B
Fish and amphibians C Medium E Medium D
Connectivity to other  B Medium B Medium B 
wildlands 
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warming are most evident at higher elevations, however. Snowpack and 
runoff have declined substantially in recent decades. Mountain pine beetles 
are benefiting from the warming, and whitebark pine are undergoing mass 
mortality due to beetle infestation. Thus, grades for these elements are 
lower. This is also the case with fish and amphibians as a result of both 
climate change effects and, to a higher degree, the effects of exotic fish 
moving upstream from private lands.

The private lands in GYE, in contrast, have substantially declined in 
ecological integrity. Several habitat types have been largely converted to 
rural home plots, farms, suburbs, or cities. Rivers have been impounded, 
diverted, constrained, dewatered, and possibly polluted. Natural disturb- 
ance regimes have been altered. Riparian zone diversity has been reduced 
below impoundments by lack of flooding. Lower-elevation forests, long 
adapted to frequent low-intensity fire, are now experiencing severe fire, 
with unknown consequences for erosion, sedimentation into streams, and 
invasion of nonnative species. Exotic species, noxious weeds, and over- 
abundant mesocarnivore native species dominate large river and valley 
bottom communities and are reducing the viability of native species. 
Bird hot spots that were likely source areas for subpopulations at higher 
elevations are now population sinks. Native fish have been largely extirpated 
from the most impaired rivers. 

The differences in ecological integrity across the GYE largely coin- 
cide, of course, with land allocation and management effectiveness. The 
public lands in GYE arguably are well managed due to the consider- 
able expertise and resources of federal and state agencies. This is a con- 
siderable achievement because these public land managers have been 
challenged by the large size of the GYE and the complex mix of management 
jurisdictions.

It is, of course, the places where people live, work, and grow food 
that nature conservation is most challenged. In mountainous systems like 
the GYE, private lands and human endeavors are concentrated in the small 
portion of the system that is most important for native species and key 
ecosystem processes. The locations with more favorable climate, better 
soils, surface water, and groundwater that attract people are also locations of 
high ecological productivity, native species diversity, key seasonal habitats, 
and higher demographic performance. Consequently, the condition of 
these lower elevation private lands is vital to the ecological integrity of the 
broader ecosystem. Considerable progress has been made on conservation 
of some private lands in the GYE. Private lands protected by conservation 
easements have increased exponentially since 1970 and include some of 
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the most ecologically important lands. Moreover, people are increasingly 
learning how to live with dangerous wildlife, such as grizzly bears and 
wolves. Much more progress will be needed, however, to retain or restore 
ecological integrity on the private lands of the GYE in the face of growing 
human populations and climate change.

Conclusion

Like many other remaining wildland ecosystems across the world, the 
GYE is at a crossroad. The natural factors that inhibited human expan-
sion here in the past are now major attractants for people and businesses  
that value access to high-quality nature. The resulting land use pressures  
on private lands and climate change stresses on public lands have reduced 
the ecological integrity of the GYE. These forces are projected to increase 
in the coming decades, raising questions about the future prospects for 
sustaining the GYE as a wildland ecosystem. If Yellowstone, as the first 
national park, inspired the creation of the global system of protected areas, 
can the GYE inspire progress toward sustainable human and wildland 
systems?

Application of the Climate-Smart Conservation framework is one 
important element of a strategy for sustaining the GYE. By identifying the 
most vulnerable natural resources and focusing management attention on 
them, there is hope of adapting to the most pervasive impacts of climate 
and land use change. Other elements include developing across the public 
and private lands of the ecosystem a vision and benchmarks for ecological 
integrity, establishing a system for monitoring and evaluating key ecological 
metrics, and communicating to stakeholders in an annual report card or 
other form the status and trends of the ecosystem. It is critically important 
that communities of the GYE come together to discuss future prospects 
and develop means of working toward a desirable future. 
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The chapters of this book have delved into the timely and important topic 
of science and management of wildland ecosystems in the face of climate 
and land use change. The period of the book’s development (2011–2015) 
was one of rapid advancement in science, policy, agency infrastructure, and 
understanding of climate change adaptation (chaps. 2, 3, and 13). During 
this period, evidence of climate change and its consequences was ever more 
apparent. This was the warmest five-year period on record (http://www 
.ncdc.noaa.gov). Extreme climate events, such as droughts in California, 
Amazonia, and Australia, caused fundamental changes in allocating water 
to people and managing human risk from fire. Evidence of the ecological 
impacts of climate change became pervasive, including forest die-offs in 
many parts of the world and massive bleaching of coral ecosystems. 

During this time of rapid climate change, our ability to understand and 
develop ways to manage under climate change has evolved substantially. In 
essence, this book tells the story of the progress made in climate adapta-
tion on federal lands within the Great Northern and Appalachian landscape 
conservation cooperatives (LCCs) during this time period. This conclud-
ing chapter synthesizes what we have learned about climate change and its 
consequences in these regions, evaluates progress in linking climate science 
with management to develop and implement adaptation options, identifies 
“lessons learned,” and explores challenges and opportunities for applica-
tions elsewhere in the United States and internationally. 

Chapter 17

Synthesis of Climate Adaptation  
Planning in Wildland Ecosystems 

Andrew J. Hansen, David M. Theobald,  
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Global Change in the Rocky and Appalachian Mountains

Our reconstruction and projection of climate for 1900–2100 revealed cor-
responding reductions in snowpack and runoff and increases in severe fires, 
forest mortality, and exotic species. In the coming century, changes in tem-
peratures and aridity are projected to meet or exceed those that have oc-
curred in the fourteen thousand years since the last glacial advance. Paleo-
ecological studies have revealed that vegetation has been resilient to climate 
fluctuations in past millennia. The extremely rapid rate of change projected 
for the coming decades, however, is likely to dramatically alter wildland 
ecosystems, pushing portions of them into novel states with no current or 
recent analogs.

Both the Rockies and the Appalachians have undergone variation in 
climate over the past century, likely associated with long-term natural cycles 
operating over periods of ten to thirty years (chaps. 4 and 5). Although 
the southern Appalachians do not show strong trends in temperature over 
the past century, the Rockies have warmed substantially and aridity has in-
creased, especially since 1980, suggesting a signal of human-induced cli-
mate change. Ecological responses to this climate change have emerged 
in the past few decades (chap. 7). Snowpack and runoff have declined, fire 
frequency has increased, forest pests have expanded leading to high levels 
of tree mortality (chaps. 14 and 15), and nonnative fish—better able to 
tolerate warm water—have increasingly impacted native species (chap. 12).

Projections for the coming century indicate dramatic warming in both 
the Rockies and the Appalachians (chaps. 4 and 5). Among the many tree 
species in the Appalachian region, some are projected to cope well with 
climate change and even expand in distribution. Others, such as those in 
the subalpine and in moist cove forests, are projected to decline dramati-
cally. The Rockies in the coming century are projected to undergo major 
transformations from snow-fed to rain-fed watersheds, from cold rivers 
with thriving trout populations to warm and flashy rivers supporting some 
eastern warm-water fish, from short summer growing seasons to complex 
spring and fall growing seasons, and from late-seral forest–dominated 
mountain landscapes to desert scrub–dominated landscapes. 

In both of these mountainous regions, human land use has intensified. 
This is most pronounced in the Appalachians, where wildlands on private 
parcels have been converted to farms, rural home plots, and urban areas 
since the 1940s (Hansen et al. 2014). These trends were slower to emerge 
in the US northern Rockies, but now private lands there also have high 
rates of conversion (chap. 16). Climate and land use change are often syn-
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ergistic in influencing ecosystems (chap. 6). Both destroy habitat for some 
species, typically with climate change felt most strongly at higher elevations 
and land use at lower elevations. Land use constrains options for managing 
under climate change—for example, by limiting the use of natural and pre-
scribed fire and not allowing flooding to accomplish ecological objectives. 
Land use also constrains the abilities of native species to relocate under 
climate change and facilitates the expansion of harmful nonnative species. 
Climate warming is likely a positive feedback for land use in the Rock-
ies, attracting more residents as the harsh climate becomes more equitable, 
leading to further land use intensification.

Thus, wildland ecosystems in our study regions are likely to undergo 
dramatic reductions in ecological integrity with major shifts in structure, 
composition, and function. The consequences of this for people living in 
and around these ecosystems will likely be substantial. Infrastructure, such 
as roads, culverts, and buildings, may require retrofitting, as has already 
occurred following the extreme fire and flooding events in Rocky Moun-
tain National Park (chap. 14). The costs of managing these ecosystems will 
likely increase substantially. Fire protection, weed management, research, 
and adaptive management needs are expanding under climate change, and 
budgets will need to increase to allow effective stewardship. The communi-
ties surrounding wildlands are particularly tied to ecosystem services. Re-
ductions in water yield, agricultural production, and forest and forage pro-
ductivity will have strong negative economic effects. Rural homes will be 
increasingly at risk of wildfire. Natural amenities, including snow-related 
and coldwater fishery–related tourism, and the revenue they generate, will 
decline. 

In essence, wildland ecosystems are in a similar situation as small island 
nations around the world. These places have contributed little to the green-
house gas emissions that are driving global climate change but dispropor-
tionately bear the risks and costs of the climate change.

Progress in Climate Adaptation

This book clearly demonstrates the importance of climate change in wild-
land ecosystems. Fortunately, it also provides evidence of the rapid evolu-
tion in our ability to understand and manage wildland ecosystems in the 
face of this threat (chaps. 2, 3, and 13). Scientific data, tools, models, and 
knowledge on climate change and its consequences have advanced rapidly. 
Policy mandating adaptation to climate change has recently emerged from 
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the federal and state governments. Conceptual approaches for climate ad-
aptation, such as the Climate-Smart Conservation framework, have been 
developed and refined, and institutional infrastructure, such as LCCs, has 
radically expanded in the past five years.

Since 2010, the major national and international programs dealing 
with climate adaptation have made considerable progress in staffing, in-
frastructure, research capacity, policy, and education (chaps 2, 3, and 13; 
fig. 17-1; Halofsky et al. 2015). Ken Salazar’s Secretarial Order 3289 (US 
Department of the Interior 2009) might be considered the dawn of climate 
change science and adaptation on public lands in the United States. This 
order established an approach throughout the Department of the Interior 
(DOI) for “applying scientific tools to increase understanding of climate 
change and to coordinate an effective response to its impacts.”

The DOI programs put in place by this order have hired staff and 
developed infrastructure, built partnerships with stakeholders, funded re-
search, and provided guidance on climate adaptation. For example, the 
North Central Climate Science Center, which includes the US northern 
Rockies, has developed and is implementing a five-year plan to deliver  
climate, data, tools, and scientific knowledge to managers. Activities in-
clude a foundational science team and plan, a facility for training scien-
tists and managers in quantitative climate change vulnerability assess- 
ment, projects with funding and aimed at demonstrating links between  
climate science and management, and symposia to communicate major 
findings. Similarly, the Great Northern LCC has developed a community  
of partners, crafted a science plan, funded several applied projects, devel-
oped a data repository, and conducted numerous webinars and training 
activities. 

The National Park Service initiated a Climate Change Response Pro-
gram, commissioned a major science and policy report to help the National 
Park System cope with climate change (Colwell et al. 2012), and is now 
developing policy guidelines based on the recommendations in the report. 
The US Forest Service has required that climate change be considered dur-
ing forest plan revision (Code of Federal Regulations 2012). The inter-
agency working group that wrote the original Scanning the Horizons frame-
work for climate adaptation (Glick, Stein, and Edelson 2011) has now 
refined and expanded the approach into the Climate-Smart Conservation 
framework (Stein et al. 2014). Groups of states across the United States 
have developed alliances on coping with land use and climate change, as il-
lustrated by the Western Governors’ Association Crucial Habitats and Cor-
ridors Initiative. Individual national parks and national forests have begun 
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to allocate staff and resources to planning, monitoring, and managing in 
the context of climate change (e.g., chap. 14). 

Internationally, the United Nations Convention on Biodiversity has 
set goals for expanding protected areas and maintaining ecological integrity 
(http://www.cbd.int), and the International Union for the Conservation of 
Nature has been writing guides for implementation and monitoring com-
pliance (http://www.iucn.org/about/work/programmes/gpap_home). Par-
ticipation by our research team in many of these activities (fig. 17-1) has 
resulted in synergies and mutual benefits among the Landscape Climate 
Change Vulnerability Project (LCCVP) and these other efforts. In short, 
these US federal and international programs have developed a community 
of practice around land use and climate change impacts assessment.

The component of climate adaptation that has been slower to emerge 
is the actual implementation of on-the-ground adaptation actions (chap. 
13). Many of the examples that do exist were in response to extreme events, 

Figure 17-1   A timeline of development for major US and international programs 
on climate change adaptation, emphasizing projects and initiatives in the Rocky 
Mountains and Appalachian Mountains, and a listing of participation by Landscape 
Climate Change Vulnerability Project team members. Key: NASA CCRB = NASA 
Climate Change and Biological Response request for proposals; NWF = National 
Wildlife Federation; NC-CSC = North Central Climate Science Center; RAM = 
Resource for Advanced Modeling; LCCVP = Landscape Climate Change 
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such as fires, floods, or pest outbreaks (chaps. 14 and 15), that necessitated 
immediate action. The lack of management action in nonemergency cases 
should not be disheartening, however, because on-the-ground manage-
ment is the culmination of a complex intersection of science, policy, agency 
infrastructure, education, stakeholder engagement, and funding. Bringing 
these together can take years to decades within federal agencies. As evi-
denced in this book, rapid progress at the intersection described above has 
happened in just the past five years. The rapid evolution of the elements of 
this intersection suggests that adaptation actions are in the pipeline and will 
increasingly become “shovel ready.” Thus, we conclude that the wheels are 
in motion for a new era of natural resource management that is increasingly 
equipped to cope with the challenges of climate and land use change.

The contents of this book illustrate the considerable progress that has 
been made within the Great Northern and Appalachian LCCs. The success 
of the LCCVP and the progress within the two LCCs and by the North 
Central Climate Science Center illustrate how sustained funding and col-
laboration among resource managers and scientists over a five-year period 
can yield rapid results. 

While our work has been under way, many other groups around the 
world have also tackled issues embedded within climate change adaptation. 
Examples of studies that synthesized current science and identified adapta-
tion options include Brandt et al. (2014) for the central US hardwood for-
ests, Gauthier et al. (2014) and Parka et al. (2014) for boreal forests, Lind-
ner et al. (2014) and Brang et al. (2014) for European forests, and Shoo et 
al. (2014) for Australian rainforests and wetlands. Along with chapter 15 
of this book, one of the first studies to illustrate implementation of climate 
adaptation options in forested ecosystems is Janowiak et al. (2014). 

Lessons Learned

Collectively, the efforts described in this book and in these other studies re-
veal some “lessons” on how to hasten progress on climate adaptation plan-
ning. These lessons are described in more detail in chapters 3 and 13 and in 
Gross et al. (2011).

Science–Management Partnerships

Tackling climate adaptation planning requires diverse, interdisciplinary 
teams of scientists and managers. Within the science component, expertise 
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in climatology, hydrology, population and community ecology, remote 
sensing, spatial analysis, and ecological modeling is needed. The management 
component benefits from inclusion of specialists in specific resources (e.g., 
vegetation, wildlife, fish, disturbance), higher-level program managers, and 
interpretative and communication experts. Large science–management 
teams are built over a number of years; familiarity, trust, and respect lead 
to successful outcomes and climate change adaptation efforts. There are no 
substitutes for repeated personal interactions for building and maintaining 
effective teams. Such integrated teams of scientists and managers allow 
for the iterative learning that is essential for success. Scientists can educate 
managers on the climate science, and managers can educate scientists on 
what science is “actionable” by federal agencies. 

In the case of the LCCVP, the core science team has worked together for 
more than a decade. We maintain close connections through monthly team 
calls and biannual team meetings. Although each scientist also works on 
many other projects, we have found synergies whereby concepts and tools 
developed from our other studies are evaluated for relevance to this project, 
often with productive outcomes. For example, David M. Theobald’s United 
States–wide mapping of landforms and connectivity was co-opted in our 
project as a basis for evaluating vulnerability of landscapes across the Great 
Northern LCC and the western United States for the Western Governors’ 
Association Crucial Habitat Tool. Similarly, the core management teams in 
the project have collaborated for many years and started this project with 
the strong social ties necessary for successful outcomes. 

Linking the science and management teams within the LCCVP was, 
and remains, a challenge. The linkages have worked best when individual 
scientists and individual managers invested in personal relationships that 
provide the glue to unite the larger partnership. Ben Bobowski and William 
B. Monahan played that role in the case of the Rocky Mountain Protected 
Area Centered Ecosystem, as did Virginia Kelly, S. Thomas Olliff, and An-
drew J. Hansen in Yellowstone, Scott Goetz and Rich Evans in the case of 
the Delaware Water Gap National Recreation Area, and Patrick Jantz and 
Jim Renfro in the context of Great Smoky Mountains National Park.

Management-Relevant Issues

Although scientists often select projects out of interest, managers select 
them out of necessity. The most pressing management problems get moved 
to the front of the line for attention. In the resource- and time-limited fed-
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eral agencies, climate change is often considered an issue for the distant fu-
ture and thus secondary to more pressing issues. The challenge to successful 
science and management teams is to identify the climate change issues that 
are “management relevant”—or, in other words, high priorities for immedi-
ate management attention. Projected reductions in ecosystem productivity 
in future decades do not make the cut on this. Reductions in productivity 
as manifest by thousands of acres of dead trees and raging fires do make the 
cut. An example comes from Rocky Mountain National Park—a severe fire 
followed by intense rain and flooding led to active management to install 
larger culverts under roads to better withstand land sliding effects.

Time Required for Planning

Like other types of management actions on federal lands, climate adapta-
tion options will typically be enacted only after several years of undertaking 
science and working through the federal planning process. Most climate 
adaptation actions are large in scope and so are likely to be subject to the 
National Environmental Policy Act. Large, complex projects under the act 
can take decades for planning. For example, the current elk and vegetation 
management plan in Rocky Mountain National Park was enacted about 
ten years after initiation. Consequently, a substantial form of “success” in 
applying the Climate-Smart Conservation framework is bringing a man-
agement-relevant climate project to the point of being the subject of an 
active planning dialogue. One of us (William B. Monahan) summed up the 
situation as follows: “I would thus argue that all of our work is educational, 
either to inform current plans being developed, or more distant ones yet to 
be conceived.” 

Smart Science

Because many scientists work on topics they find interesting, it is easy for 
collaborative efforts to be too broad to be highly effective. The science that 
is done needs to be “smart science.” By this we mean science that is highly 
relevant to a well-defined problem at hand, designed at the scales and level 
of specificity appropriate for the problem, and analyzed and interpreted 
to be robust to uncertainty. In this project, we limited the response vari-
ables to those that management partners suggested had high potential for 
management relevance and that we knew how to model and analyze well. 
In analyzing and interpreting results, we framed the outcomes of multiple 
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studies, scenarios, or models to identify high-level agreement or disagree-
ment among them. Higher levels of agreement inspired more confidence in 
the results; lower levels indicated that more research was needed. 

The whitebark pine (Pinus albicaulis) issue in Yellowstone National 
Park provides an example. The five or six key interacting factors influencing 
whitebark pine response to climate change reflect a level of complexity too 
high to be reliably tackled in this project. Thus, we focused on one factor 
(climate and habitat suitability) that we thought was the most important 
first filter for organizing management (chaps. 9 and 15). A high level of 
agreement among climate models and scenarios in the large projected loss 
of habitat suitability reinforced that this is a primary filter for designing 
adaptation options. Climate suitability zones are now being used as a basis 
for tailoring management treatments to the landscape in order to be most 
effective under climate change (chap. 15). 

“Place” Is Critical

Resource management is about important resources in particular places. 
Most resource managers know their unit and resources, and thus effective 
resource management efforts are place based. Climate change projects nec-
essarily require consideration of landscapes and regions much larger than 
typical management units. Consequently, these projects are best tackled 
with careful attention to scaling. A good approach is to design the research 
to allow data, analyses, and interpretation to be generated at multiple spa-
tial scales, from small watersheds to management jurisdictions (e.g., na-
tional parks) to functionally important areas (e.g., protected area centered 
ecosystems, or PACEs) up to entire landscape conservation cooperatives. 

This design allows the results to be useful for adaptation planning for 
the places that most matter to resource managers. For example, collabora-
tors in Great Smoky Mountains National Park were interested in broad 
regional patterns of climate change and vegetation response but were more 
particularly interested in community types of high management concern, 
such as subalpine forest and cove forests. Thus, the managers indicated that 
the results of the LCCVP would be most useful if they could be applied to 
capture these fine-scale vegetation units (chap. 8). 

Communication

Climate adaptation projects can ultimately be successful only if commu-
nication of key findings happens with stakeholders and decision makers. 
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Communication vehicles differ among scientists, resource managers, policy 
makers, and citizen stakeholders, as described in chapter 2. All these ve-
hicles should be considered in these large collaborative projects. The need 
to communicate to resource managers, however, does not reduce the need 
to communicate with scientists. The credibility conveyed by the scientific 
peer-review process is highly valued by the management community. 

Defining Impact

The Climate-Smart Conservation framework suggests that the ultimate 
step in climate adaptation is active implementation of an adaptation option 
and monitoring the consequences. We have learned, however, that working 
through the Climate-Smart Conservation framework typically takes several 
years and is contingent on critical milestones along the way. These mile-
stones include consideration of climate change in decisions about policy, 
budgets, education programs, passive management and, finally, active man-
agement. The impact of a project is best judged relative to each of these 
milestones because they each contribute to overall success. 

Developments in Rocky Mountain National Park are a case in point 
(chap. 14). Since their initial workshop on climate change in 2007, park 
resource managers have focused on monitoring, research, education, and 
collaboration with partners, all of which are considered critical precursors 
to effective active management, a stage that they have largely not yet imple-
mented. Similarly, managers of whitebark pine in the Greater Yellowstone 
Ecosystem are now incorporating climate science into active management 
only after years of assessment, planning, strategy development, and strat-
egy evaluation (chap. 15). The Climate-Smart Conservation framework is 
indeed a cycle without a fixed end point. Progress on each step is an in-
cremental contribution to sustaining ecosystems under climate change. In 
this context, the federal agencies in the Rocky and Appalachian Mountain 
regions have made substantial advancement in climate adaptation. 

Challenges and Opportunities for the Future

Throughout the book, we have emphasized that although progress has 
been rapid over the past five years, climate adaptation will need to con-
tinue to evolve rapidly to allow for natural resource managers to cope with 
climate change. The challenges that we have highlighted also represent op-
portunities for greater progress in the future. 
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• Engage private landowners and diverse local stakeholders. The fate of fed-
eral land management is heavily influenced by local people. Better 
information on how wildland ecosystems benefit local communities 
may enhance the engagement of local people in climate adaptation and 
lead to more informed decision making and better maintenance of eco-
logical integrity. Such information should include evaluation of what 
attributes of wildland ecosystems are highly valued by local people. 
This information could provide the basis for a mission statement, a 
vision, and benchmarks for sustaining the attributes that are vital to 
both ecological integrity and healthy vibrant human communities. It 
is imperative that the status and trends of these ecological and human 
communities are communicated to people in ways that are understand-
able and compelling. 

• Moving from individual protected areas to protected area centered eco- 
systems. Because wildland ecosystems are so linked to surrounding pri-
vate lands—economically, socially, and ecologically—there is an oppor-
tunity to expand research, monitoring, and collaborative management 
from only federal lands to the larger PACEs. Doing so both facilitates 
management on the spatial scales most relevant to climate adaptation 
and helps to achieve the stakeholder engagement described above.

• Revisiting constraining legislation. We have traditionally thought of wil-
derness areas and other places where human impacts are prohibited 
by law as the lands most likely to achieve conservation goals. Under 
climate change, however, many species are expected to be increasingly 
pushed into these more restricted federal land types because they largely 
lie at higher elevations. Active management may be the best hope for 
maintaining viable populations of these species, and for consideration 
of current conditions in neighboring parks and ecosystems to antici-
pate future local issues. Thus, dialogue and debate are warranted on 
the acceptability in wilderness areas, roadless areas, and national parks 
of active human intervention for the purpose of conservation. 

• Scaling up to national and international applications. Within the United 
States, the establishment of climate science centers and LCCs offers the 
promise of advancing climate adaptation planning in all of the nation’s 
wildland ecosystems. Projects like the LCCVP can help break new 
ground and thus hasten progress in other locations. To this end, we 
are providing the models, data, and decision support tools developed 
in the projects to the climate science centers and LCCs so that they are 
available after the end of the project. International application is also 
essential. The challenge is greater in countries that have less science 
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and management infrastructure, financial resources, and legal commit-
ment. Nonetheless, the ratification of the Convention on Biodiversity 
and progress on the implementation plan of the International Union 
for Conservation of Nature and Natural Resources offers an oppor-
tunity to rapidly expand climate adaptation planning to the wildland 
ecosystems around the world. 

Conclusion

Many of the remaining wildland ecosystems across the world are at a cross-
road. The natural factors that inhibited human expansion in these ecosys-
tems in the past are now major attractants for people and business that 
value access to nature. The resulting land use pressures on private lands and 
climate change pressures on public lands have reduced the ecological in-
tegrity of many of these wildland ecosystems. These forces are projected to 
increase in the coming decades, raising challenges for sustaining wildland 
ecosystems. Application of the Climate-Smart Conservation framework is 
an important foundation of a strategy for sustaining these iconic places. 
Other elements include developing across the public and private lands of 
the ecosystem a vision and benchmarks for ecological integrity, a system 
for monitoring and evaluating key ecological metrics, and a means of com-
municating to stakeholders in an annual report card or other form the sta-
tus and trends of the ecosystem (chap. 16). It is critically important that 
communities in and around wildland ecosystems come together to discuss 
future prospects and develop means of working toward a desirable future. 
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