climate SERVICES

CONTENTS

Volume 10, April 2018

Assessing and adapting to climate change in the Blue Mountains, Oregon (USA): Overview, biogeography, and climate
Jessica E. Halofsky, Katherine Hoglund-Wyatt, Kathie Dello, David L. Peterson and John Stevenson

1

Effects of climate change on hydrology and water resources in the Blue Mountains, Oregon, USA
Caty F. Clifton, Kate T. Day, Charles H. Luce, Gordon E. Grant, Mohammad Safeeq, Jessica E. Halofsky and Brian P. Staab

9

Simulating vegetation response to climate change in the Blue Mountains with MC2 dynamic global vegetation model
John B. Kim, Becky K. Kerns, Raymond J. Drapek, G. Stephen Pitts and Jessica E. Halofsky

20

Effects of projected climate change on vegetation in the Blue Mountains ecoregion, USA
Becky K. Kerns, David C. Powell, Sabine Mellmann-Brown, Gunnar Carnwath and John B. Kim

33

Potential effects of climate change on riparian areas, wetlands, and groundwater-dependent ecosystems in the Blue Mountains,
Oregon, USA
Kathleen A. Dwire, Sabine Mellmann-Brown and Joseph T. Gurrieri

44

Does it matter if people think climate change is human caused?
Joel Hartter, Lawrence C. Hamilton, Angela E. Boag, Forrest R. Stevens, Mark J. Ducey, Nils D. Christoffersen, Paul T. Oester and
Michael W. Palace

53

Adapting to the effects of climate change on natural resources in the Blue Mountains, USA
David L. Peterson and Jessica E. Halofsky

63

Climate Services is covered in the abstract and citation database Scopus®. Full text available on ScienceDirect®.

2405-8807(201804)10:C;1-2

Climate Services 10 (2018) 1–8

Contents lists available at ScienceDirect

Climate Services
journal homepage: www.elsevier.com/locate/cliser

Assessing and adapting to climate change in the Blue Mountains, Oregon
(USA): Overview, biogeography, and climate

T

⁎

Jessica E. Halofskya, , Katherine Hoglund-Wyattb, Kathie Delloc, David L. Petersond,
John Stevensonc
a

University of Washington, School of Environmental and Forest Sciences, Seattle, WA, USA
Natural Capital Project, Stanford University and University of Washington, Seattle, WA, USA
c
Oregon State University, Paciﬁc Northwest Climate Impacts Research Consortium, Corvallis, OR, USA
d
U.S. Forest Service, Paciﬁc Northwest Research Station, Seattle, WA, USA
b

A R T I C LE I N FO

A B S T R A C T

Keywords:
Climate change adaptation
Paciﬁc Northwest
Resource management
Vulnerability assessment
Blue Mountains

The Blue Mountains Adaptation Partnership (BMAP) was established to increase climate change awareness,
assess vulnerability to climate change, and develop science-based adaptation strategies for national forest lands
in the Blue Mountains region of northeast Oregon and southeast Washington (USA). The BMAP process included
(1) development of a science-management partnership, (2) a vulnerability assessment of the eﬀects of climate
change on natural resources and infrastructure, (3) development of adaptation options that will help reduce
negative eﬀects of climate change and assist the transition of biological systems and management to a changing
climate, and (4) ongoing dialogue and activities related to climate change in the Blue Mountains region. This
special issue of Climate Services describes social context and climate change vulnerability assessments for water
use and infrastructure, vegetation, and riparian ecosystems of the Blue Mountains region, as well as adaptation
options for natural resource management. This manuscript introduces the special issue, describing the management, biogeographic, and climatic context for the Blue Mountains region; the climate change vulnerability
assessment and adaptation process used in BMAP; and the potential applications of the information described in
the special issue. Although the institutional focus of information in the special issue is U.S. Forest Service lands
(Malheur, Umatilla, and Wallowa-Whitman National Forests), the broader social context and adaptation options
should be applicable to other lands throughout this region and the Paciﬁc Northwest.

Practical Implications
The vulnerability assessment described in this special issue of
Climate Services is the ﬁrst step in understanding how climate
change may aﬀect climate, natural resources, and ecosystem
services in the Blue Mountains of northeast Oregon and
southeast Washington (USA). Although uncertainty exists in
the likelihood, magnitude, and timing of future changes in
aquatic and terrestrial ecosystems, the information provided a
basis for development of adaptation options that managers
can choose from and utilize in the future.
Climate change eﬀects in the semiarid Blue Mountains are
a particular concern, because much of the landscape has already been greatly altered by land-use activities—timber
harvesting, livestock grazing, water diversions—that have in

⁎

many cases aﬀected the functionality of systems and the distribution and abundance of species. These stressors provide an
important context for considering how to adapt to climate
change in the context of current land uses and policies.
Infrequent, extreme events such as drought and wildﬁre will
be a driving force for both ecological and social change, as
they combine with existing stressors and interact with demands for ecosystem services (water, ﬁsh, timber, recreation,
etc.).
Changes in hydrology and water availability will be major
issues for the Blue Mountains region in a warmer climate.
Lower snowpack and higher peak ﬂows in winter will cause
more damage to infrastructure. Upgrading engineering standards for roads and infrastructure (e.g., increasing culvert
size) will likely help to minimize damage and repair costs.
Lower stream ﬂows in summer will reduce water supply for
agriculture, municipal uses (drinking water), industrial uses,
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Tahoe National Forest (Littell et al., 2012) conducted the ﬁrst sciencemanagement partnerships that developed adaptation options for individual national forests. Similar to eﬀorts on the Olympic Peninsula,
the North Cascadia Adaptation Partnership assessed vulnerabilities and
formulated adaptation options for two national forests and two national
parks in Washington (Raymond et al., 2013, 2014). The Forest Service
Rocky Mountain Research Station compiled future climate projections
and potential eﬀects of climate change on multiple ecosystems in
Shoshone National Forest (Wyoming) (Rice et al. 2012). Finally, the
Forest Service Northern Research Station collaborated with Chequamegon-Nicolet National Forest (Wisconsin) and other partners to develop a vulnerability assessment and adaptation options for natural
resources in the forest (Swanston et al., 2011, 2016). A national-scale
assessment focused on vulnerability of watersheds to climate change in
11 national forests throughout the United States, focused on climate
change eﬀects on water resource values, hydrologic function, watershed condition, and landscape sensitivity (Furniss et al., 2013).
We built on previous eﬀorts to conduct a climate change vulnerability assessment and develop adaptation options for national forests
in the Blue Mountains region of northeast Oregon and southeast
Washington (USA). This special issue of Climate Services contains individual articles on social context (Hartter et al., 2018), and climate
change vulnerability assessments for water resources (Clifton et al.,
2018), upland vegetation (Kim et al., 2018 and Kerns et al., 2018), and
riparian systems (Dwire and Mellmann-Brown, 2018) in the Blue
Mountains. Each article on natural resources discusses climate change
eﬀects, speciﬁc sensitivities, and current conditions and management
practices. A ﬁnal article (Peterson and Halofsky, 2018) summarizes
adaptation options for responding to the eﬀects of climate change on
natural resources.
In this introductory manuscript, we have three main objectives:

livestock grazing, and recreation. Competition among different users may become acute during future drought periods.
Disturbances such as drought, wildﬁre, and insect outbreaks will be a major challenge for vegetation management
in a warmer climate. Thus, increasing vegetation resilience to
disturbance is a focus of adaptation strategies for the Blue
Mountains. Stand density management is a currently used tool
that will likely be eﬀective in mitigating eﬀects of ﬁre and
drought in the future. Most people in the Blue Mountains region support active forest management (forest thinning, surface fuel reduction) and restoration to reduce the likelihood of
high-intensity wildﬁres that would damage timber and
threaten local communities.
Climate change will also be a challenge for the management of riparian areas and groundwater-dependent ecosystems, which have signiﬁcant conservation value throughout
western North America. Most riparian systems will be stressed
to some degree in a warmer climate. Some changes may occur
gradually and some may occur episodically (e.g., following
wildﬁre). Maintaining hydrologic functionality and minimizing external damage from land use may be the most reasonable approach for building resilience in these systems.
Overall, this special issue of Climate Services provides a
framework and key steps that can be used by resource management agencies and other entities to assess climate change
vulnerabilities and develop feasible measures to reduce negative eﬀects of climate change. A science-management
partnership is a critical aspect of this approach. Although not
all vulnerabilities and management options are relevant in all
places, many of the principles and approaches can be applied
elsewhere. Monitoring will be needed to both quantify current
resource conditions and evaluate the eﬀectiveness of climateinformed management. In addition, collaboration between
federal agencies and a broad range of stakeholders will ensure
that multiple perspectives are considered when building resilience in ecosystems and local communities facing a warmer
climate.

1) Provide a management, biogeographic and climatic context for the
Blue Mountains region to set the stage and facilitate interpretation
of information in other articles in the special issue.
2) Describe the development of the Blue Mountains science-management partnership and the vulnerability assessment and adaptation
process that resulted in the information presented in this special
issue.
3) Describe the potential applications of the information contained in
this special issue in natural resource management in the Blue
Mountains region.

1. Introduction
During the past decade, the U.S. Forest Service has begun the process of assessing the vulnerability of natural resources to climate change
and developing appropriate adaptation options that can be implemented in planning and management (USFS, 2008; Peterson et al.,
2011; Swanston et al., 2016). The Forest Service developed the National
Roadmap for Responding to Climate Change (USFS, 2010a) and Performance Scorecard for Implementing the Forest Service Climate
Change Strategy (USFS, 2010b) to provide guidance and accountability
for including climate change in National Forest System operations.
The objective of the Forest Service climate change strategy is to
“ensure our national forests and private working lands are conserved,
restored, and made more resilient to climate change, while enhancing
our water resources” (USFS, 2010b). The Scorecard addresses this
strategy through 10 criteria grouped in four dimensions: (1) increasing
organizational capacity, (2) partnerships, engagement, and education,
(3) adaptation, and (4) mitigation and sustainable consumption. Each
national forest annually reports its progress for the 10 criteria. All national forests in the Forest Service Paciﬁc Northwest Region (Oregon
and Washington) have also completed climate change action plans that
describe how they will meet Scorecard requirements.
Previous eﬀorts in the Paciﬁc Northwest and beyond have demonstrated the success of science-management partnerships for increasing
climate change awareness among federal land managers. Olympic
National Forest, Olympic National Park (Halofsky et al., 2011) and

Speciﬁc climate change vulnerability assessment methods and outcomes are described in the following papers in this special issue.
Peterson and Halofsky (2018) has more detailed descriptions of the
adaptation options and potential applications of vulnerability assessment information in resource management.
2. The Blue Mountains study region
2.1. National forest management
The Blue Mountains are comprised of several small mountain
ranges, including the high-elevation Eagle Cap Mountains, and the
smaller Elkhorn, Greenhorn, Strawberry, Wenaha, and Aldrich
Mountains. Elevation ranges from 267 to 3000 m. Malheur National
Forest covers 607,028 ha, including Monument Rock and Strawberry
Mountain wilderness areas (35,742 ha) (Fig. 1). The Malheur River and
North Fork Malheur River are protected as wild and scenic for their
aesthetic value, ﬁsheries, geology, and wildlife. Umatilla National
Forest covers 566,560 ha (78% in Oregon, 22% in Washington), including Wenaha-Tucannon, North Fork Umatilla, and North Fork John
Day wilderness areas (128,858 ha). Wild and scenic rivers (93 km)
protect steelhead trout (Oncorhynchus mykiss), Chinook salmon (O.
tshawytscha), and migratory bull trout (Salvelinus conﬂuentus). Wallowa2
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Fig. 1. The Blue Mountains ecoregion, including national forests.

Whitman National Forest covers 968,214 ha (a small portion in Idaho),
including the Eagle Cap, Hells Canyon, North Fork John Day, and
Monument Rock wilderness areas (237,024 ha). Ten wild and scenic
rivers protect scenery, recreation, ﬁsheries, wildlife, and historic and
cultural resources.
The three national forests share a common administrative and
management history. In 1908, the entire area was established as a forest
reserve to protect water, timber, and rangeland (USFS, 1997). The Blue
Mountains draft revised land management plan (USFS, 2014) guides all
resource management activities.
National forests in the Blue Mountains are currently managed for a
wide range of ecosystem services, including timber, water, ﬁsheries,
wildlife, livestock grazing, and recreation. Recreation and tourism have
become increasingly important in terms of number of users and economic value. Current restoration eﬀorts in the Blue Mountains focus on
improving the vigor of low-elevation dry forests, reducing ﬁre hazard,
restoring functional ﬁsh passages, improving habitat for several animal
species, and improving riparian and stream conditions (Potyondy and
Geier, 2011).

Shoshone, Bannock, Wasco, Burns Paiute, Umatilla, and Warm Springs
Tribes, are the original inhabitants of the Blue Mountains region
(Robbins and Wolf, 1994; Heyerdahl et al., 2001). Native Americans
used local landscapes for hunting, ﬁshing, and gathering of wild foods
and plant materials (Robbins and Wolf, 1994; Richards and Alexander,
2006). Fire was often used to promote desired plant species and to
improve habitat for preferred animals used for food (Johnson, 1994;
Robbins and Wolf, 1994; Heyerdahl et al., 2001). The Blue Mountains
are still an important location for hunting, ﬁshing, gathering, and
spiritual values for Native Americans.
Following Euro-American settlement, sheep and cattle grazing were
common across most of the landscape, followed by extensive timber
harvesting (Oliver et al., 1994; Wissmar et al., 1994). Outbreaks of
mountain pine beetle (Dendroctonus ponderosae), western spruce budworm (Choristoneura freemani), and Douglas-ﬁr tussock moth (Orgyia
pseudotsugata) were widespread in the 1900s (Rainville et al., 2008).
Insect outbreaks and wildﬁre are such prominent disturbances in the
Blue Mountains that they are a major consideration in most aspects of
resource management and restoration. Increasing concerns about water
quality and ﬁsheries after the mid-20th century have motivated increased eﬀort on restoration of aquatic ecosystems.
Historically, low-severity wildﬁre regimes at low elevations promoted ponderosa pine (Pinus ponderosa) and dry mixed-conifer forest
(Kerns et al., 2018), comprising 20–50% of the total landscape and
40–75% of all forests (Rainville et al., 2008). Western juniper (Juniperus
occidentalis), Idaho fescue (Festuca idahoensis), bitterbrush (Purshia tridentata), mountain big sagebrush (Artemisia tridentata ssp. vaseyana),
and curl-leaf mountain-mahogany (Cercocarpus ledifolius Nutt.) are also
common at low elevation (Johnson et al., 1994; Jaindl et al., 1996).
Mixed-severity ﬁre regimes at mid elevations promote lodgepole pine
(Pinus contorta var. latifolia), Douglas-ﬁr (Pseudotsuga menziesii), grand
ﬁr (Abies grandis), and western larch (Larix occidentalis). At high elevations, subalpine ﬁr (Abies lasiocarpa) and whitebark pine (Pinus

2.2. Biogeographic and cultural context
Geological, biological, and cultural histories in the Blue Mountains
region provide an important context for assessing the eﬀects of climate
change on natural resources. The complex geological history of the Blue
Mountains—oceanic subduction, terrestrial sedimentation, and volcanic deposition (e.g., Brooks, 1979), followed more recently
(20,000–14,000 BP) by glaciation (Johnson et al., 1994)—provides a
foundation for ecological diversity. Variability in glacial deposition and
volcanic ash contributes to spatial variation in soil productivity and
vegetation (Johnson et al., 1994; Jaindl et al., 1996; Kelly et al., 2005;
Simpson, 2007).
Native Americans, including the Nez Perce, Cayuse, Walla Walla,
3
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albicaulis) transition to alpine meadows (Johnson et al., 1994; Jaindl
et al., 1996).
Decades of ﬁre exclusion, livestock grazing, and timber harvest have
heavily altered historical vegetation structure and fuel accumulations,
creating conditions that can facilitate future insect outbreaks and intense wildﬁres (Lehmkuhl et al., 1994; Langston, 1995; Hessburg and
Agee, 2003; Hessburg et al., 2005). Lower elevation ponderosa pine and
mixed conifer forests have experienced the greatest changes (Harrod
et al., 1999).

drier than the 20th century average, with some very wet years in the
mid-late 1990s (Fig. 3).
For the Paciﬁc Northwest, Mote et al. (2013) summarized climate
projections from 41 global climate models under Representative Concentration Pathways 4.5 and 8.5 (van Vuuren et al., 2011) from the ﬁfth
phase of the Coupled Model Intercomparison Project, used in the Intergovernmental Panel on Climate Change Fifth Assessment Report
(Stocker et al., 2013). Projections for future climate in the Paciﬁc
Northwest suggest continued warming in the future in the Blue
Mountains region (Mote et al., 2013). Global climate model output for
2041–2070 projects warming of 1.1–4.7 °C compared to historical
(1970–1999) temperatures, with the degree of warming dependent on
emissions scenario, particularly after about 2050 (Fig. 4). All GCMs
agree that each season will be warmer in the future, with the greatest
warming in summer (Table 1). Projections for future annual precipitation are highly variable, ranging from wetter to drier, with any
trends being small compared to historical interannual variability. The
average of all model outputs for annual precipitation is essentially no
change from historical, with a broad range of projections. However, the
majority of models agree that summers will be slightly drier in the
future (Mote et al., 2013) (Table 1).

2.3. Historical and projected future climate
It is important to establish a baseline of climatic inﬂuences and
historical climate in the Blue Mountains before considering future
change. The Paciﬁc Ocean and Cascade Range are dominant inﬂuences
on climatic patterns in the Paciﬁc Northwest. Diurnal temperature
range is generally higher east of the Cascade crest, further inland from
the Paciﬁc Ocean. More precipitation falls west of the Cascade crest,
and a strong rain shadow greatly reduces precipitation east of the crest.
The southern portion of the Blue Mountains, including the Strawberry
subrange, is in the rain shadow of the Cascade Range and is predominantly inﬂuenced by Great Basin climatic patterns, resulting in
warmer and drier conditions. In the northern Blue Mountains, maritime
air ﬂows through the Columbia River Gorge, causing slightly higher
precipitation and moderate temperature variations (Western Regional
Climate Center, http://www.wrcc.dri.edu). Regional annual average
precipitation is 44 cm, with more precipitation in higher elevation
areas. Temperatures in the Blue Mountains are cooler than those of the
entire Paciﬁc Northwest, with historical mean annual temperature of
about 7.5 °C (and colder temperatures at higher elevations).
In northeast Oregon, mean annual temperature increased 0.06 °C
per decade between 1895 and 2013 (NOAA National Centers for
Environmental Information, https://www.ncei.noaa.gov) (Fig. 2). Only
three years have been below the 20th century annual average temperature of 7.5 °C since 1990. Annual precipitation in the Paciﬁc
Northwest has high interannual variability, and is inﬂuenced by the El
Niño Southern Oscillation (ENSO) and Paciﬁc Decadal Oscillation
(Mote et al. 2013). The northeast Oregon region has exhibited no signiﬁcant precipitation trend, although the last 30 years were generally

3. The Blue Mountains adaptation partnership process
In 2013, several organizations developed a science-management
partnership focused on an assessment of climate change eﬀects in the
Blue Mountains. Termed the Blue Mountains Adaptation Partnership
(BMAP), participants included Malheur, Umatilla, and WallowaWhitman National Forests; U.S. Forest Service (USFS) Paciﬁc Northwest
Research Station; USFS Paciﬁc Northwest Region; University of
Washington; and Oregon State University Climate Impacts Research
Consortium. The BMAP goals were to increase climate change awareness, assess vulnerability to climate change, and develop science-based
adaptation strategies to reduce adverse eﬀects of climate change and
ease the transition to new climate states and conditions (see http://
adaptationpartners.org/bmap).
The BMAP built on several initiatives in ecological restoration in the
Blue Mountains region. In 2013, the Blue Mountains Restoration
Strategy interdisciplinary team was convened to coordinate restoration

Fig. 2. Annual historical temperature for Oregon Climate Division 8. Data are from NOAA National Centers for Environmental Information (http://www.ncdc.noaa.
gov/cag/time-series/us).
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Fig. 3. Annual historical precipitation for Oregon Climate Division 8. Data are from NOAA National Centers for Environmental Information (http://www.ncdc.noaa.
gov/cag/time-series/us).
Fig. 4. Observed (1950–2011) and simulated
(1950–2100) regional mean temperature for the
Paciﬁc Northwest. The gray (historical), red (RCP
8.5), and blue (RCP 4.5) envelopes represent the
range of model projections. Narrow lines represent
individual model projections, bold lines are means of
the model projections. Data are from 41 global climate models used in the ﬁfth phase of the Coupled
Model Intercomparison Project, analyzed and described for the Paciﬁc Northwest by Mote et al.
(2013).

Table 1
Summary of global climate model temperature and precipitation projections for the Representative Concentration Pathway (RCP) 4.5 and RCP8.5 (van Vuuren et al.,
2011) for the Paciﬁc Northwest between the historical period (1950–1999) and mid-21st century (2041–2070)a. Data are from 41 global climate models used in the
ﬁfth phase of the Coupled Model Intercomparison Project, analyzed and described for the Paciﬁc Northwest by Mote et al. (2013).
Winterb

Annual

Spring

Summer

Autumn

RCP Temperature (°C)
Maximum
Mean
Minimum

4.5
3.7
2.4
1.1

8.5
4.7
3.2
1.7

4.5
4.0
2.5
0.9

8.5
5.1
3.2
1.3

4.5
4.1
2.4
0.5

8.5
4.6
3.0
1.0

4.5
4.1
2.6
1.3

8.5
5.2
3.6
1.9

4.5
3.2
2.2
0.8

8.5
4.6
3.1
1.6

Precipitation (%)
Maximum
Mean
Minimum

10.1
2.8
−4.3

13.4
3.2
−4.7

16.3
5.4
−5.6

19.8
7.2
−10.6

18.8
4.3
−6.8

26.6
6.5
−10.6

18.0
−5.6
−33.6

12.4
−7.5
−27.8

13.1
3.2
−8.5

12.3
1.5
−11.0

a
b

Values are for the maximum model projection, multi-model mean, and minimum model projection.
Winter = December, January, February; Spring = March, April, May; Summer = June, July, August; Autumn = September, October, November.
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among the three Blue Mountains national forests, coordinating with ﬁve
non-federal collaborative groups in the area. Management priorities for
the team are dry forest restoration and strategic fuel treatments, which
are ecological priorities described in Hessburg et al. (2005). These efforts are aimed at restoring ﬁre-adapted forests and reducing wildﬁre
severity in the Blue Mountains for the beneﬁt of forest ecosystems and
local communities (USFS, 2013; Hartter et al., 2018). Other restoration
activities are prioritized by individual national forests (e.g., within river
basins for aquatic restoration).
In addition, national forests in the Blue Mountains are in the process
of jointly revising their land management plan (USFS, 2014), which is
the guiding document for all resource management and planning activities in national forests. Previous versions of the plan were developed
before climate change was a prominent physical, biological, and social
concern for natural resource conditions. The climate change assessment
developed by the BMAP will inform forest plan revisions as a component of risk assessment (eﬀects) and risk management (actions). Links
among the assessment, forest plan, and restoration provide a new framework for coordinated and consistent management of natural resources in national forests (Halofsky and Peterson, 2017).
The BMAP focused on climate change vulnerability assessment and
adaptation planning across 2.14 million ha of mostly forested land in
Oregon and Washington within the Blue Mountains ecoregion (Fig. 1).
Building on the framework described in Peterson et al. (2011) and
Swanston et al. (2016), the BMAP process included (1) development of
a science-management partnership, (2) a vulnerability assessment of
the eﬀects of climate change on natural resources and infrastructure,
(3) development of adaptation options that will help reduce negative
eﬀects of climate change and assist the transition of biological systems
and management to a changing climate, and (4) ongoing dialogue and
activities related to climate change in the Blue Mountains region
(Fig. 5). The BMAP focused on the social context for addressing climate
change (Hartter et al., 2018), water resources (Clifton et al., 2018),
ﬁsheries (Isaak et al., 2017), upland vegetation (Kim et al., 2018 and
Kerns et al., 2018) and riparian systems (Dwire and Mellmann-Brown,
2018), based on priorities set by national forest leadership and resource
specialists.
Vulnerability assessments typically consider the interaction of exposure, sensitivity, and adaptive capacity (Parry et al., 2007), where
exposure is the degree to which the system is exposed to changes in
climate, sensitivity is an inherent quality of the system that indicates
the degree to which it could be aﬀected by climate change, and adaptive capacity is the ability of a system to respond and adjust to the

exogenous inﬂuence of climate. For the BMAP, scientiﬁc literature,
modeling, and expert knowledge were used to assess exposure, sensitivity, and adaptive capacity and to identify key vulnerabilities for
water use and infrastructure (Clifton et al., 2018), ﬁsheries (Isaak et al.,
2017), vegetation (Kim et al., 2018 and Kerns et al., 2018), and riparian
systems (Dwire and Mellmann-Brown, 2018). Assessments included
both quantitative and qualitative evaluation of sensitivity and adaptive
capacity, and the scale of assessment varied from the species to community level.
The assessment process took place over six months, involving numerous phone meetings and in-person meetings for each resource-speciﬁc science-management assessment team. Each assessment team reﬁned key questions that the assessment needed to address, selected
speciﬁc topics, and determined which climate change eﬀects models
best informed the assessment. In some cases, assessment teams conducted spatial analyses or ran and interpreted models, selected criteria
by which to evaluate model output, and developed maps of model
output and resource sensitivities. Teams focused on eﬀects and model
projections speciﬁc to the Blue Mountains region and used projections
at the ﬁnest spatial scale considered valid (Littell et al., 2011).
A principal goal of the BMAP was to go beyond general concepts to
identify adaptation options that can be implemented into projects and
plans (Peterson et al., 2011; Swanston et al., 2016; Raymond et al.,
2013, 2014; Halofsky and Peterson, 2017). After key vulnerabilities
were developed for each resource sector in the draft assessment, a
workshop was convened to present and discuss the vulnerability assessment and to elicit potential adaptation options from resource
managers. Participants (mostly resource managers and stakeholders
and a few research scientists) identiﬁed strategies (general approaches)
and tactics (on-the-ground actions) for adapting resources and management practices to climate change for each resource sector. Participants also identiﬁed opportunities and barriers for implementing
adaptation options into current projects, management plans, partnerships, regulations, and policies. Adaptation options are described in
Peterson and Halofsky (2018).
Participants generally focused on adaptation options that can be
implemented given our current scientiﬁc understanding of climate
change eﬀects, but they also identiﬁed research and monitoring that
would beneﬁt future eﬀorts to assess vulnerability and adapt management practices (Peterson and Halofsky, 2018). Initial results from the
workshops were augmented with continuous dialogue with Forest
Service resource specialists to conﬁrm the ﬁnal content of the assessment and adaptation options.

Fig. 5. The steps in the process used in the Blue Mountains Adaptation Partnership.
6
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4. Application of the vulnerability assessment and adaptation
options in the Blue Mountains
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The information in this special issue has several uses. First, the assessments provide a state-of-science reference on the projected condition of aquatic and terrestrial ecosystems in a warmer climate. Second,
resource managers can reference the assessments in planning documents (e.g., land management plans) that address desired future conditions. Third, adaptation options can be used to ﬁne-tune and prioritize implementation of on-the-ground projects. Finally, information on
social factors, human values, and natural resource issues provides decision makers (e.g., forest supervisors, government oﬃcials) with an
important new context for regional to local policies. We anticipate that
the urgency of climate change will motivate disparate organizations
and the public to collaborate with federal land managers to identify and
implement adaptation options that maintain the integrity of ecosystems
and ensure continuity of issues.
Integration of the information in this assessment in everyday work is
critical. Flooding, wildﬁre, and insect outbreaks may all be exacerbated
by climate change, thus increasing hazards faced by federal employees
and the public. Resource management can help minimize these hazards
through activities such as reducing fuels, and restoring hydrologic
function. These activities are already common, illustrating that much of
current resource management is already climate smart. This assessment
can improve current management practice by helping to prioritize and
accelerate implementation of speciﬁc options and locations for adaptation.
Adaptation planning for climate change is an ongoing, iterative
process, not a one-time solution. Considerations of adaptation can occur
at regular intervals (e.g., as part of land management plan revisions), or
after some extreme event (e.g., drought, wildﬁre) provides the motivation and opportunity to implement new practices and policies. In this
special issue, we focus mostly on issues and options for national forests
in the Blue Mountains, but the information should also be useful for
other land management agencies in the region. In addition, the BMAP
process discussed here, involving establishment of a science-management partnership, conducting science-based vulnerability assessments,
and developing place-based adaptation strategies and tactics (Fig. 5),
can be emulated by other national forests, national parks, and other
organizations, thus spreading climate-smart management in the Paciﬁc
Northwest and beyond.
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In the semi-arid environment of the Blue Mountains, Oregon (USA), water is a critical resource for both ecosystems and human uses and will be aﬀected by climate change in both the near- and long-term. Warmer
temperatures will reduce snowpack and snow-dominated watersheds will transition to mixed rain and snow,
while mixed rain and snow dominated watersheds will shift towards rain dominated. This will result in high
ﬂows occurring more commonly in late autumn and winter rather than spring, and lower low ﬂows in summer,
phenomena that may already be occurring in the Paciﬁc Northwest. Higher peak ﬂows are expected to increase
the frequency and magnitude of ﬂooding, which may increase erosion and scouring of the streambed and
concurrent risks to roads, culverts, and bridges. Mapping of projected peak ﬂow changes near roads gives an
opportunity to mitigate these potential risks. Diminished snowpack and low summer ﬂows are expected to cause
a reduction in water supply for aquatic ecosystems, agriculture, municipal consumption, and livestock grazing,
although this eﬀect will not be as prominent in areas with substantial amounts of groundwater. Advanced
planning could help reduce conﬂict among water users. Responding pro-actively to climate risks by improving
current management practices, like road design and water management as highlighted here, may be among the
most eﬃcient and eﬀective methods for adaptation.

Practical Implications
Water is a particularly valuable resource in the relatively dry
landscapes of the Blue Mountains region, Oregon (USA). Most
of that water is sourced from high-elevation public lands,
speciﬁcally the Malheur, Umatilla, and Wallowa-Whitman
National Forests. Snowpack, which is the key to downstream
water supply during the summer, may already be decreasing
in response to a warmer climate and will continue to decrease
in future decades. This will inevitably aﬀect ecological processes and human enterprises in the region.
A higher rain:snow ratio in the Blue Mountains is expected
to cause higher peak streamﬂows in late autumn and winter,
leading to increased frequency and magnitude of ﬂooding

⁎

downstream. This will have the potential to damage roads,
especially in and near ﬂoodplains, and associated infrastructure such as culverts and bridges. Reﬁtting this infrastructure for more severe conditions will create a ﬁnancial
burden for the U.S. Forest Service, other public agencies, and
private landowners. Increase ﬂooding may also reduce access
for recreational activities and resource management, possibly
for long periods of time. If damage is high enough, it will
require a prioritization of roads that can be maintained within
a sustainable transportation system, and perhaps the permanent closure of some roads.
Reduced snowpack and earlier snowmelt will reduce hydrologic recharge of both surface and subsurface ﬂows in
spring and summer. This will lead to lower streamﬂows in
summer in both rivers and smaller streams, creating adverse
conditions for coldwater ﬁsh species and other aquatic
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2. Eﬀects of climate change on hydrologic processes

organisms. It will also reduce water supply for agriculture,
municipal uses (drinking water), industrial uses, livestock
grazing, and recreation. Reduced water supply will be an
especially important issue when multiple consecutive drought
years decrease water available for both aquatic ecosystems
and downstream human uses.
Currently, water allocation is mostly satisfactory in the
Blue Mountains region, and conﬂicts are occasional and localized. However, competition among diﬀerent users may
become acute during future drought periods, and if low water
supply becomes a chronic situation, social and political solutions may be needed to resolve conﬂicts. Finding a balance in
the near term among water allocated for ecological functions,
local communities, and economic beneﬁts will help forestall
those conﬂicts.

2.1. Methods
Hydrologic simulations of streamﬂow were prepared using the
Variable Inﬁltration Capacity (VIC) model (Liang et al., 1994) to simulate streamﬂow driven by downscaled forcing data from global circulation models (GCMs) that have contributed to the Intergovernmental
Panel on Climate Change AR4 (CMIP3) assessment (Elsner et al., 2010;
IPCC, 2007). VIC projections were prepared from an ensemble of 10
GCM models using A1B emission scenarios and having the best match
with observations in the historical period (Littell et al., 2011). Projections for the “2040s” cover an average from 2030 to 2059, and the
“2080s” cover 2070 to 2099. Historical metrics were based on the
period 1977 through 1997 (Wenger et al., 2010). VIC data were computed on a 1/16th-degree (∼6 km) grid to produce daily ﬂow data that
were further routed downstream and analyzed for metrics important to
aquatic ecology (Wenger et al., 2010, 2011). VIC outputs were further
processed with a linear groundwater reservoir routing algorithm using
the calibrated recession coeﬃcient values of Safeeq et al. (2014) to
estimate impacts to low ﬂows, which are sensitive to groundwater dynamics.
To assess changes in snowpack, we used the model of Luce et al.
(2014a), who evaluated snow sensitivity to climate at Snowpack Telemetry (SNOTEL) sites in the Paciﬁc Northwest, developing projections
for April 1 snow water equivalent (SWE) for a scenario of 3 °C warmer
than the last 20 years. Validation of the model shows that it is suitable
to assess climate change eﬀects (Lute and Luce, 2017).
Stream temperature changes were projected using the The NorWeST
Regional Stream Temperature Database (http://www.fs.fed.us/rm/
boise/AWAE/projects/NorWeST.html). NorWeST uses extensive stream
temperature observations and spatial statistical models to characterize
and project stream temperatures in the Blue Mountains (Isaak et al.,
2015, Isaak et al., this issue). Future stream temperatures were projected based on historical conditions, model projections of future climate, and assessments of past sensitivity to climate.

1. Introduction
Water is a critical resource in arid and semi-arid forest and rangeland environments of western North America, typically limiting the
distribution of plant and animal species. Water is also a critical element
for human activities, aﬀecting where and how human communities and
local economies persist across the landscape (Hartter et al., 2018). The
Blue Mountains of northeast Oregon and southeast Washington, most of
which are located within federal land, are the primary water source for
human uses, which include agriculture, drinking water, industrial uses,
livestock grazing, and recreation.
Climate change is expected to alter hydrologic processes in the
Paciﬁc Northwest region of North America, thereby aﬀecting key resources and processes including water supply, infrastructure, aquatic
habitat, and access. A warmer climate will aﬀect the amount, timing,
and type of precipitation, and the timing and rate of snowmelt (Luce
et al., 2012, 2013; Safeeq et al., 2013), which will in turn aﬀect
snowpack volume (Hamlet et al., 2005; Luce et al., 2014a), streamﬂow
(Hidalgo et al., 2009; Elsner et al., 2010; Hamlet et al., 2013), and
stream temperature (Isaak et al., 2012; Luce et al., 2014b; Mantua et al.
2010). Altered precipitation patterns would also aﬀect vegetation
(Kerns et al., 2018), which would in turn aﬀect water supply (Adams
et al., 2012, Vose et al., 2016).
Federal lands dominate the headwaters of the major basins in the
Blue Mountains Ecoregion (Fig. 1). Understanding how climate change
will aﬀect hydrologic processes will help federal land managers and
their many partners identify planning and management strategies that
maintain ecosystem function, water supply, and a sustainable road
system (Peterson and Halofsky, 2018). Reduced or less reliable water
supply aﬀects local economic activities, planning, and resource management. Anticipatory planning can reduce conﬂicts and improve economic and ecological outcomes during droughts. Damage to roads,
bridges, and culverts creates safety hazards, aﬀects aquatic resources,
and incurs high repair costs. Reduced access to public lands reduces the
ability of land managers to preserve, protect, and restore resources and
to provide for public use of resources. Designing a less vulnerable road
network would again protect both ecological and economic interests.
Here we describe hydrologic processes in the Blue Mountains of
Oregon, historical trends in hydrologic parameters (snowpack, peak
streamﬂow, low streamﬂow, and stream temperatures), and projected
eﬀects of climate change on these hydrologic parameters. We also
identify and map key sensitivities of water supply, roads, and infrastructure to changes in climate and hydrology.

2.2. Eﬀects of climate change on snowpack
The role of snow in watershed runoﬀ in the Paciﬁc Northwest is
determined to a great extent by mid-winter temperatures (Hamlet and
Lettenmaier, 2007). Rain-dominated basins are above freezing most of
the time in winter, and snow accumulation is minimal (< 10% of October-March precipitation). These basins typically have peak streamﬂows in winter, coinciding with peak precipitation, but may have
multiple peaks associated with individual rain events. Mixed rain and
snow (or transitional) basins collect substantial snowpack (10–40% of
October-March precipitation), and are typically slightly below freezing
in mid-winter. These basins have multiple seasonal streamﬂow peaks.
Snow-dominated basins are cold in winter, capturing > 40% of October-March precipitation as snow and have low ﬂows through winter,
often with streamﬂow peaks in spring. The Blue Mountain region has all
three types of basins.
Over the last 50 years, increasing temperatures in the Paciﬁc
Northwest have caused earlier snowmelt (Stewart et al., 2005; Hamlet
et al., 2007), and lower spring snowpack (Mote, 2003; Hamlet et al.,
2005; Mote et al., 2005). Snowpack is expected to be particularly
sensitive to future temperature increases, facilitating a change from
snowmelt-dominant to transitional basins, and from transitional to raindominant basins (Tohver et al., 2014).
Decreases in snowpack persistence and April 1 SWE will be widespread in the Blue Mountains, with the largest decreases in low to midelevation locations. Large areas of the ecoregion are likely to lose signiﬁcant portions of April 1 SWE by the 2080s (Fig. 2). Snowpack sensitivity will be relatively high even in some of the locally higher elevation ranges such as the Strawberry Mountains, Monument Rock
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Fig. 1. National Forests and major basins in the Blue Mountains Ecoregion.

Wilderness, Wenaha-Tucannon Wilderness, and at mid-elevations in the
North Fork John Day, and Hells Canyon Wilderness. Much of the Eagle
Cap Wilderness, in the Wallowa Mountains, has the lowest sensitivity in
the area with declines in April 1 SWE on the order of 25% by the 2080s.

hydrologic events may become more frequent (Hamlet et al., 2013).
In the Blue Mountains, the hydrologic simulations estimate that
ﬂood magnitude will increase in the Wallowa Mountains, Hells Canyon
Wilderness Area, and northeast Wallowa-Whitman National Forest by
the 2080s, particularly in mid-elevation areas (Fig. 3). High ﬂow events
during winter are projected to change substantially in some areas, and
areas with the largest change in ﬂood magnitude (Fig. 3) also have
altered frequency of those high ﬂows occurring during winter months
(Fig. 4), which may be damaging for ﬁsh eggs in redds (Tonina et al.,
2008; Wenger et al., 2011; Goode et al., 2013; Isaak et al., this issue).
Some of the largest peak ﬂow changes are occurring in areas where the
largest precipitation events (usually in November and December) now
commonly fall as snow and are expected more frequently to come as
rain falling on snow in the future. It is this shift in mechanism that
contributes most strongly to ﬂood magnitude increases. Other areas in
the ecoregion already experience substantial rain-on-snow.

2.3. Eﬀects of climate change on peak ﬂows
Flooding in mountain watersheds in the Paciﬁc Northwest is sensitive to precipitation intensity, temperature (as it aﬀects rain vs. snow),
and the combined eﬀects of temperature and precipitation on snow
dynamics (Hamlet and Lettenmaier, 2007; Tohver et al., 2014). Floods
occur during autumn and winter (associated with heavy rainfall and
snowmelt) or in spring, associated with heavy snowpack and rapid
snowmelt (Hamlet and Lettenmaier, 2007; Sumioka et al., 1998).
Summer storms can also cause local ﬂooding and mass wasting events
(such as landslides, gullies, and debris ﬂows), particularly after wildﬁre
(Moody and Martin, 2009; Cannon et al., 2010; Luce et al., 2012).
Flooding can be exacerbated by rain-on-snow (ROS) events (Harr,
1986; Marks et al., 1998; McCabe et al., 2007; Eiriksson et al., 2013),
and a warmer climate is expected to alter ROS ﬂood risk depending on
local conditions in diﬀerent basins including elevation ranges and
groundwater dynamics (e.g. Safeeq et al., 2015). In general, the ROS
zone is expected shift upwards in elevation, which will tend to increase
ﬂooding in basins where much of the basin is just above the elevation
where ROS is common. In contrast, in basins in which the ROS zone is
already high in the basin, the upward shift in the ROS zone may reduce
ﬂooding.
Higher temperatures in the latter half of the 20th century have
caused earlier runoﬀ in snowmelt-dominated and transitional watersheds in the western United States (Cayan et al., 2001; Stewart et al.,
2005; Hamlet et al., 2007). If temperature continues to increase, possibly accentuated by increased precipitation intensity, extreme

2.4. Eﬀects of climate change on low ﬂows
Earlier snowmelt over the last 50 years has reduced spring, early
summer, and late summer ﬂows in the western United States (Leppi
et al., 2011; Safeeq et al., 2013; Kormos et al., 2016). The 25th percentile ﬂows (drought year ﬂows, 1948–2006) have become even lower
across the Paciﬁc Northwest (Luce and Holden, 2009), and large decreasing fractional ﬂows have been documented for eastern Oregon in
March-June (Stewart et al., 2005). Summer low ﬂows are aﬀected by
both snowmelt and landscape drainage eﬃciency (Tague and Grant,
2009; Safeeq et al., 2013). In the Blue Mountains, which have a moderate groundwater component, summer ﬂows decreased 21–28% between 1949 and 2010 (Safeeq et al., 2013).
Within the Blue Mountain region, snow-dominated regions with late
snowmelt, such as the Wallowa Mountains, have high streamﬂow
11

Climate Services 10 (2018) 9–19

C.F. Clifton et al.

Fig. 2. Projected change in snow water equivalent from present to the 2080s in the Blue Mountains. Names indicate Wilderness areas and other high elevation ranges
in the region to provide some reference for topography. Projections were modeled based on the methods of Luce et al. (2014a) using downscaled weather from
Abatzoglou and Brown (2012).

sensitivity to a change in the magnitude and timing of recharge at broad
spatial scales (Safeeq et al., 2014), especially in early summer. Other
parts of the Blue Mountains have low-moderate sensitivity to changes in
magnitude and timing of snowmelt, although sensitivity in the Wallowa
Mountains is higher in early summer. Projections of future low ﬂows
using the hydrologic simulations indicate small decreases in summer
streamﬂow (< 10%) for about half of perennial streams in the Blue
Mountains by 2080 (Fig. 5), although some of the more sensitive areas
(Wallowa Mountains, Elkhorn Mountains, Wenaha-Tucannon Wilderness) show > 30% streamﬂow decreases by 2080. Note that many of
the most sensitive areas for low ﬂows are areas that have lower sensitivity for snowpack (Fig. 2) because these are areas where late-lying
snow has always been an important contributor to summer runoﬀ, and
small changes in snowpack drive large changes in low ﬂow (Safeeq
et al., 2014).

increased temperature at some sites in the Paciﬁc Northwest (28–44%)
and decreased temperature at others (22–33%) (Arismendi et al., 2012).
Discrepancies are attributed to diﬀerences in length of record and location relative to dams, with warming more apparent in the longer
datasets. Cold streams were generally not as sensitive as warm streams
to varying climatic conditions (Luce et al., 2014b; Isaak et al., 2016).
Therefore, the relatively warm streams in the Blue Mountains are expected to be quite sensitive to a warmer climate.
Decreasing summer moisture and warming temperatures in dry
forests of the western United States may contribute to forest mortality
in some locations (e.g., Meddens and Hicke, 2014; Allen et al., 2015;
McDowell et al., 2015; Luce et al., 2016) and increased wildﬁre area
burned (Littell et al., 2009; Littell et al., 2016). Increased wildﬁre,
particularly if it occurs in riparian areas, would contribute to stream
temperature increases (Dunham et al., 2007; Isaak et al. 2010). These
risks are not characterized in the projections in this region, but illustrate that care in riparian management and land management that reduces wildﬁre spread can ameliorate projected warming.
Projections estimate that basin-wide average August stream temperatures in the Blue Mountains will increase 1 °C by 2040 and nearly
2 °C by 2080 in response to higher air temperature, with warmer
streams in the basin likely to warm faster than cooler ones.

2.5. Eﬀects of climate change on water quality
Historical temperatures in unregulated streams across the Paciﬁc
Northwest paralleled air temperature trends at nearby weather stations
from 1980 to 2009 (Isaak et al., 2010, 2012), and stream temperatures
increased signiﬁcantly in summer, autumn, and winter, with the highest
rates of warming in summer (reconstructed trend of 0.22 °C per
decade). A signiﬁcant stream cooling trend occurred during spring,
associated with a regional trend of cooler air temperature (Isaak et al.,
2012; Abatzoglou et al., 2014). Most of the variation in long-term
stream temperature (80–90%) was explained by air temperature trends
and a smaller proportion by discharge (10–20%). A separate study of
stream data found variable trends in stream temperature, with

3. Consequences of hydrologic changes for water management
In the dry climate of the Blue Mountains region, many diﬀerent
parties lay claim to use of water resources to support habitation and
economic enterprises. About 6800 water rights claims are located on
National Forest lands: 43% for domestic livestock, 32% for instream
12
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Fig. 3. Projected change in the 1.5-year ﬂood magnitude between the historical period (1970–1999) and the 2080s for the Blue Mountains region.

ﬂows, 9% for wildlife, 5% for irrigation, and 3% for domestic use (320
points of diversion) (Gecy, 2014). Instream ﬂows account for 75% of
water rights by volume. Six larger towns rely directly on the national
forests for water supply, and 20 small communities rely on surface
water or groundwater from the Blue Mountains for drinking water.
Water is critical for livestock in national forests and surrounding lands,
with grazing occurring in 80% of sub-watersheds in the Blue Mountains.
Water in national forest basins is fully allocated in summer, and
although it is typically available for campgrounds, administrative sites,
and other uses (e.g., livestock and wildlife), water may be limited in dry
years. Dams and stream diversions aﬀect local hydrology and in some
cases ecological functions (Dwire et al., 2018). It is uncertain how longterm warming or short-term droughts will aﬀect permitted water use,
although signiﬁcant changes in water use on the National Forests
during the next decade are unlikely.
As discussed above, warming temperatures will lead to decreased
snowpack and earlier snowmelt, altering streamﬂow patterns and decreasing water availability in summer. Most precipitation in the Blue
Mountains falls during winter when consumptive demand is low. Rain
is infrequent, and streams depend on groundwater to maintain ﬂows in
summer. Because water supply in summer is limited, climate change
may make it diﬃcult to meet current demands during extreme drought
years and following consecutive drought years, especially after the mid
21st century. Current conﬂict over water use in the Blue Mountains
region is not a prominent issue, although future water shortages caused
by declines in dry season ﬂows may create social and political tension if
diﬀerent sectors (e.g., agriculture and municipal) compete for water.
Declining summer ﬂows caused by reduced snowpack accumulation
and earlier snowmelt in the Blue Mountains could aﬀect water availability during peak summer demand. Diversions from streams draining
high elevation areas may show the greatest changes (Fig. 6) even

though the snowpacks there are the most resilient. Summer ﬂows are so
dependent on snow inputs in mid-summer that the declines in snowpack will be felt most strongly there. In contrast, basins with little snow
in summer already are less likely to be aﬀected by large snowpack
declines. The Burnt, Powder, Upper Grande Ronde, Silver, Silvies,
Upper John Day, Wallowa, and Willow sub-basins (Fig. 1) are at highest
risk for summer water shortage associated with low streamﬂow.
Widespread diversions increase water extraction across the landscape,
with aging (leaky) infrastructure contributing to water loss.
Water availability is an important attribute of the Watershed
Condition Framework (WCF) classiﬁcation system used to rate watershed condition in national forests (Potyondy and Geier, 2011). Most
sub-watersheds in the Blue Mountains are rated as “functioning” or
“functioning at risk,” based on ﬂow alterations from diversions, withdrawals, and dams relative to natural ﬂows and groundwater storage.
The Burnt, Powder, Upper Grande Ronde, and Wallowa sub-basins have
the most sub-watersheds with “impaired function” for water quantity.
The highest oﬀ-forest consumptive uses are in the Burnt, Malheur,
Powder, Silver Creek, Silvies, Umatilla, and Walla Walla basis (Gecy,
2014), most of which are expected to have moderate to high changes in
summer ﬂows (Fig. 6).
4. Consequences of hydrologic changes for roads, infrastructure,
and access
Roads, trails, bridges, and other infrastructure in the Blue
Mountains have historically provided access for land managers, mineral
prospectors, loggers, hunters, and recreationists. The U.S. Forest Service
is mandated to provide multiple resources across this landscape, and
access to water resources, timber and range resources, wildlife, and
enjoyment by the public has largely determined where these activities
occur. Sustainable management of access promotes use, stewardship,
13
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Fig. 4. The average number of winter days each year that are in the top 5% (18 days) for that year based on ﬂow. This addresses whether high ﬂow events typically
occur in winter (December-March), when fall spawning ﬁsh have eggs in the gravel, or in other months. Values are displayed the historical period (1970–1999) (left)
and projected for 2080 (right).

and appreciation of public lands for their social and economic values
(Louter, 2006).
The three national forests assessed here, the Malheur, Umatilla, and
Wallow-Whitman National Forests, contain 37,500 km of roads: 800 km
paved, 17,800 km gravel, and 18,900 km native-surface (Table 1). Road
density is highest at low elevations and near mountain passes. Roads
and trails cross many streams, with 96% of crossings being culverts
installed decades ago. Some crossings are being replaced, but many
have not been inventoried and conditions are unknown. Older roads are
more likely to be near streams, thus increasing risks for damage to roads
and aquatic resources.
Although the need for roads for timber harvest has decreased
greatly in the past 20 years, demand for roads for recreational activities
has increased. Hiking and camping are the most popular warm-weather
activities, with greater than 60% of trips to national forests lasting 6 h
or less (USFS, 2010), thus concentrating human impacts on areas that
are easily accessible. Demand is increasing for trail use by mountain
bikes, oﬀ-highway vehicles, and winter recreation.

Lamarche and Lettenmaier, 2001; Bowling, 2001; Wemple and Jones,
2003). Impacts are greater for roads near streams, although roads in
uplands also aﬀect surface and subsurface ﬂows and erosion (Luce,
2002; Trombulak and Frissell, 2000).
National forest engineering staﬀ are charged with operating a sustainable transportation system that is safe, responsive to public needs,
and causes minimal environmental impact. Potential management actions include reducing road maintenance levels (e.g. Luce and Black,
2001), storm-prooﬁng roads, upgrading drainage structures and stream
crossings, reconstructing and upgrading roads, decommissioning roads,
and converting roads to alternative modes of transportation. Activities
that are critical to health and safety receive priority in decisions about
which roads to repair and maintain, balanced with consideration for
access and aquatic habitat (Luce et al., 2001; Trombulak and Frissell,
2000).
The Malheur, Umatilla, and Wallow-Whitman National Forests are
currently identifying a sustainable road network that is ecologically and
ﬁscally sustainable in accordance with the 2001 Road Management
Rule (36 CFR 212, 261, 295). Their transportation analysis assesses the
condition of existing roads, including options for removing damaged or
unnecessary roads, and maintaining and improving necessary roads.
This process increases the agency’s ability to acquire funding for road
improvement and decommissioning, provides a framework for annual
maintenance costs, facilitates agreement with regulatory agencies, and
increases ﬁnancial sustainability.
Reconstruction and decommissioning of roads and trails require an
environmental assessment and public involvement. The Water and

4.1. Road management
The condition of roads and trails in the Blue Mountains is a function
of their age, design, maintenance practices, and location. Culverts were
typically designed to withstand a 25-year ﬂood. Road construction has
declined since the 1990s, with few new roads being added. Roads accelerate runoﬀ rates and decrease late-season ﬂows, increase peak
ﬂows, and increase erosion rates (e.g. Wigmosta and Perkins, 2001;
14
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Fig. 5. Projected change in mean summer streamﬂow from the historic time period (1970–1999) to the 2080s for streams in the Blue Mountains region. Projections
created by modifying standard VIC projections (following Wenger et al., 2010) routed through a linear groundwater reservoir model, using calibrated recession
parameters for each watershed from Safeeq et al. (2014).

Erosion Predictive model (Flanagan and Nearing, 1995), Geomorphic
Road Analysis and Inventory Package (GRAIP) (Black et al., 2012;
Cissel et al., 2012), and NetMap (Benda et al., 2007) are often used to
identify hydrologic impacts and guide management on projects. For
example, the Wall Creek watershed GRAIP analysis in the Umatilla
National Forest determined that 12% of the road system contributed
90% of the sediment, providing the information needed to prioritize
critical sites (Nelson et al., 2010).

(Hamlet et al., 2013).
Vulnerability of roads to erosion and mass wasting (e.g. landslides
and gullies) processes varies depending on topography, geology, slope
stability, age, design, location, and use (Luce and Wemple, 2001;
Wemple et al., 2001). Roads and trails built decades ago have often
deteriorated, and many infrastructure components are near the end of
their design lifespan. Culverts were typically designed to last
25–75 years, and if they are beyond their design life, rust and wear
make them less resilient to high ﬂows and bed load movement and
more susceptible to structural and piping failure. Even storms of low to
moderate intensity can damage roads and trails that are already compromised. Roads and trails built on steep slopes are particularly vulnerable to erosion and mass failures. The road network built to facilitate
past timber harvesting has contributed to the sensitivity of roads and
other infrastructure by increasing storm runoﬀ and peak ﬂows (Schmidt
et al., 2001; Croke and Hairsine, 2006). Roads and trails in valley
bottoms are built on gentle grades, but proximity to streams increases
sensitivity to ﬂooding, channel migration, and bank erosion. Most roadstream crossings use culverts rather than bridges, and culverts are more
sensitive to high streamﬂows and debris movement. Highways in the
Blue Mountains, with higher design and maintenance standards, will be
less vulnerable to climate change than unpaved roads in national forests. Currently, budgets are often insuﬃcient to maintain and repair
infrastructure, thus increasing the susceptibility of the transportation
system.
New or replaced infrastructure could increase resilience to climate
change because materials and standards have improved in recent years.
For example, new culverts and bridges are often wider than the original
structures, and open-bottomed, arched culverts are now often used in
the Blue Mountains to improve ﬁsh passage and stream function.

4.2. Climate change eﬀects on transportation systems
Climate and hydrology will inﬂuence the transportation system in
the Blue Mountains through reduced snowpack, resulting in a longer
season of road use, higher peak ﬂows and ﬂood risk (Fig. 7), and increased landslide risk (Strauch et al., 2014). Increased wildﬁre disturbance (Kerns et al., 2018) plus higher peak ﬂows may contribute to
increased erosion and landslides (Goode et al., 2012). Direct (physical)
eﬀects of climate change occur from ﬂoods, snow, landslides, extreme
temperatures, and wind, whereas indirect eﬀects include secondary
inﬂuences on access related to public safety and visitor use patterns.
Eﬀects on roads will be related to weather events (e.g., a single storm),
but the risks of such events are a characteristic of the climate. An increase in the size of rare events will have major eﬀects on hydrologic
systems and may require changes of current design standards for infrastructure.
In the highly dissected northern Blue Mountains, more intense
winter storms and more rain-on-snow events (Salathé et al., 2014) may
cause shallow debris slides to become more frequent, potentially damaging infrastructure and reducing access. In addition, reduced
snowpack is expected to increase antecedent soil moisture in winter
15
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Fig. 6. Projected risk of summer water shortage in the Blue Mountains region, based on low streamﬂows for 2080s. The data in Fig. 5 were used to calculate
diﬀerences averaged over each watershed.

hazardous conditions for river recreation and campers. More wildﬁres
(Kerns et al., 2018) would further restrict emergency access by increasing downed logs and road damage, reducing agency capacity to
respond to additional ﬁres and to emergency needs in local communities (Strauch et al., 2014).

Table 1
Kilometers of road by maintenance level in national forests in the Blue
Mountains.
Operational maintenance levels

Basic custodial care (closed)
High-clearance cars/trucks
Suitable for passenger cars
Passenger car (moderate comfort)
Passenger car (high comfort)
All roads

National forests
Malheur

Umatilla

Wallowa-Whitman

Kilometers
6059
8814
587
0
0
15,460

3543
3131
545
114
132
7465

7216
6719
435
29
210
14,609

4.4. Medium and long-term eﬀects on access
As change progresses, runoﬀ and geomorphic impacts could become
more severe and widespread, and accumulated minor impacts will exacerbate the outcomes. More frequent ﬂooding will continue to increase
sediment and debris transport, damaging stream-crossing structures.
Shifting channel dynamics caused by increased ﬂow and sediment may
compound problems, even if crossing structures are upgraded to accommodate higher ﬂows. Repeated landslides can cause aggradation in
streams, thus elevating future ﬂood potential, and culverts blocked with
debris can cause ﬂooding and associated damage to roads, trails, and
campgrounds (Halofsky et al., 2011).
In the long term, higher winter soil moisture may increase the risk
of landslides in autumn and winter, especially in areas that have experienced high-severity wildﬁre and insect outbreaks (Montgomery
et al., 2000; Schmidt et al., 2001; Istanbulluoglu et al., 2004). Although
ﬂoods and landslides will continue to be more common in areas with
known susceptibility (e.g., high density roads, steep slopes), they may
also occur in higher elevation locations currently covered by snowpack
for much of the year (MacArthur et al., 2012).
A longer snow-free season will extend visitor use in spring and autumn, especially at higher elevations (Rice et al., 2012). Trailheads at
lower elevations may be accessible earlier, but hazards associated with
snow bridges and avalanche chutes may persist along trails. River rafters may encounter unfavorable conditions from lower streamﬂows in

Natural channel design, which mimics upstream and downstream
conditions, is often used at stream crossings, and helps pass larger
pieces of wood.

4.3. Short-term climate change eﬀects on other infrastructure and access
In the short-term changes in runoﬀ and geomorphology will directly
challenge the road network integrity. Higher peak ﬂows in winter increase the potential impacts of ﬂooding roads, trails, campgrounds, and
structures (Walker et al., 2011; MacArthur et al., 2012). Increased risk
of landslides in some areas will contribute to ﬂooding by diverting
water, blocking drainage, and ﬁlling channels with debris (Crozier,
1986; Chatwin et al., 1994; Schuster and Highland, 2003).
In addition, altered hydrologic regimes in the Blue Mountains may
contribute to safety hazards. Damaged roads reduce access for responding to emergencies, and higher streamﬂows could create
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Fig. 7. Projected change in bankfull ﬂow for roads within 90 m of a stream for the 2080s. The Variable Inﬁltration Capacity model was used to calculate diﬀerences in
Q1.5-bankfull ﬂow between historic data (1915–2006) and the 2080s. Not all vulnerable roads are represented; some roads intersect smaller intermittent streams.

late summer (Mickelson, 2009), as well as hazards associated with
deposited sediment and woody debris from high winter ﬂows. Warmer
winters may shift river recreation to times of the year when risks of
extreme weather and ﬂooding are higher.
Some beneﬁts to access and transportation in the Blue Mountains
may accrue from the eﬀects of climate change. Lower snow cover will
reduce the cost of snow removal from roads, and allow earlier access for
snow removal and maintenance in low-mid elevation areas and a longer
construction season at higher elevations (e.g., installation of temporary
trail bridges). As noted above, less snow may increase access for warmweather recreation, but may reduce opportunities for winter recreation
(Joyce et al., 2001; Morris and Walls, 2009). The highest elevations of
the Blue Mountains are expected to retain a signiﬁcant amount of snow,
at least for the next few decades, which may focus snow-based activities
in fewer areas as snow at lower elevations decreases.
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Warming temperatures are projected to greatly alter many forests in the Paciﬁc Northwest. MC2 is a dynamic
global vegetation model, a climate-aware, process-based, and gridded vegetation model. We calibrated and ran
MC2 simulations for the Blue Mountains Ecoregion, Oregon, USA, at 30 arc-second spatial resolution. We calibrated MC2 using the best available spatial datasets from land managers. We ran future simulations using climate projections from four global circulation models (GCM) under representative concentration pathway 8.5.
Under this scenario, forest productivity is projected to increase as the growing season lengthens, and ﬁre occurrence is projected to increase steeply throughout the century, with burned area peaking early- to mid-century.
Subalpine forests are projected to disappear, and the coniferous forests to contract by 32.8%. Large portions of
the dry and mesic forests are projected to convert to woodlands, unless precipitation were to increase. Low levels
of change are projected for the Umatilla National Forest consistently across the four GCM’s. For the WallowaWhitman and the Malheur National Forest, forest conversions are projected to vary more across the four GCMbased simulations, reﬂecting high levels of uncertainty arising from climate. For simulations based on three of
the four GCMs, sharply increased ﬁre activity results in decreases in forest carbon stocks by the mid-century, and
the ﬁre activity catalyzes widespread biome shift across the study area. We document the full cycle of a
structured approach to calibrating and running MC2 for transparency and to serve as a template for applications
of MC2.

Practical Implications
MC2 is a dynamic global vegetation model (DGVM), a simulation model designed to explore and estimate the long-term
eﬀects of climate change on vegetation. MC2 represents the
landscape as a grid, and simulates processes that govern vegetation biogeochemistry, biogeography, and interactions
with wildﬁre. Although MC2 has been applied to various regions, it has not been speciﬁcally calibrated for the Blue
Mountains Ecoregion of eastern Oregon, USA, at a ﬁne resolution. We calibrated and ran MC2 DGVM simulations for
the Blue Mountains Ecoregion at the ﬁnest possible resolution
of 30 arc-seconds, and obtained projections of vegetation response to climate change for the historical period 1895–2008,
and from 2009 to 2100 under representative concentration
pathway (RCP) 8.5 climate change scenario.

⁎

Although many publications describe facets of applying
MC2 (and its precursor, MC1) to a region and provide some
parameter values, no paper articulates a structured approach
to calibration to serve as a template for future studies. In this
paper, we describe the full modeling lifecycle of applying MC2
DGVM to the Blue Mountains Ecoregion within the context of
science-management partnership collaboration, to serve as a
template to emulate and improve upon, as well as to make the
modeling process more transparent end-users of the simulation products.
Under the RCP8.5 climate change scenario, MC2 projects
substantial changes for the forests of the Blue Mountains
Ecoregion by the end of the century. The growing season is
projected to lengthen, leading to forest productivity increases.
Fire occurrence is project to increase sharply throughout the
century, with burned area peaking early- to mid-century, and
forest carbon stocks dipping at those times. These early- to
mid-century changes are projected to coincide with major
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shifts vegetation types. Subalpine forests are projected to
disappear by the end of the century. Moist forests are projected to remain relatively stable under this scenario, while
large portions of the mesic and dry temperate forests may
convert to woodlands and shrublands. If precipitation were to
increase under climate change, moist forests may expand.
For a single climate change scenario, general circulation
models (GCM) project somewhat diﬀerent future climate
conditions. We drove MC2 simulations with climate projections from four GCMs and the results are the most consistent
for Umatilla National Forest, where the moist needleleaf forest
dominates. There is less agreement in the Wallowa-Whitman
and the Malheur, where there are high fractions of mesic and
dry temperate needleleaf forests, which may convert to
woodlands and shrublands under climate change. Many parts
of the lower-elevation shrublands are projected to convert
from temperate vegetation types to subtropical vegetation
types, which may include some C4 vegetation if summer
precipitation increases signiﬁcantly.
Although the patterns of change simulated in this study
agree in broad terms with other studies in the region, there are
some important diﬀerences. This highlights the importance of
obtaining a good calibration tailored to the region of interest,
using quality benchmark data to validate the model calibration. In the simulations, ﬁre exerts a strong control on the
forests, and is therefore a source of uncertainty, as well as an
opportunity to improve the model skill and calibration.

There have been many MC1 and MC2 simulations located in the
Paciﬁc Northwest (Table S1). However, some simulations cover a
nearby area but do not cover the Blue Mountains Ecoregion (BME)
(Halofsky et al., 2013, 2014b, 2017; Yospin et al., 2015), while others
cover only a portion of BME (Rogers et al., 2011; Creutzburg et al.,
2015). There are continental- and global-scale simulations that include
the Blue Mountains Ecoregion—e.g., a simulation of North America at
5 arc-minute (approximately 8 km) resolution (Drapek et al., 2015a,b),
a 30 arc-second (∼800 m) resolution simulation of the conterminous
U.S. (Bachelet et al., 2015a), a global simulation at 50 km resolution
(Gonzalez et al., 2010), and another global simulation at the 0.5° resolution (Kim et al., 2017)—but the relatively coarse resolutions used in
those studies preclude capturing the ﬁner scale elevation-based vegetation types in the current study area. Coarser resolution models represent a barrier to extracting applicable information from simulations
at the scale of potential management responses. Furthermore, in those
simulations MC1 or MC2 was calibrated at the continental or global
scale, which lead to the use of plant functional types that are broadly
deﬁned and not parameterized speciﬁcally to the historical vegetation
of the Blue Mountains Ecoregion. Yet another limitation of the aforementioned simulations is that with the exception of Creutzburg et al.
(2015) and Kim et al. (2017), the future projections were based on
Special Report on Emissions Scenarios (SRES) emissions scenarios (e.g.,
A2, A1B, B1), not the more recent representative concentration pathways (RCP) climate change scenarios (Van Vuuren et al., 2011) used in
the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor
et al., 2012). Sheehan et al. (2015) describe a 1/24° (∼4 km) resolution
simulation of the Paciﬁc Northwest using RCPs, which has some applicability to BME. A potential limitation of the simulation by Sheehan
et al. (2015) is that it applied the continental-scale calibration from
Bachelet et al. (2015a) to just the Paciﬁc Northwest. It also does not
take advantage of regionally available input and calibration datasets.
To overcome the limitations of existing MC1 and MC2 simulations
in terms of their spatial coverage, resolution and calibration, we calibrated and ran MC2 DGVM simulations speciﬁcally for the Blue
Mountains Ecoregion at the ﬁnest possible resolution of 30 arc-seconds,
using RCP8.5-based climate change projections to drive simulations of
future vegetation dynamics. The spatial resolution in the present study
(30 arc-seconds) is determined by the availability of historical gridded
climate data (PRISM, Daly et al., 2008). The historical gridded climate
data is required to calibrate the model for historical vegetation conditions. In addition, because general circulation models (GCM) simulate
climate at a coarse scale (1–2.5°), the historical gridded climate data is
used to downscale GCM output, and thereby dictates the resolution of
the ﬁnal downscaled climate projection data. At 30 arc-second resolution, MC2 is better able to represent elevation-based vegetation ecotones and forest boundaries in BME.
The strategic application of a DGVM may have a useful role in regional climate change adaptation planning. The availability of appropriate technical tools and their acceptability by local end-users remain
barriers to climate change adaptation (Moser and Ekstrom, 2010).
Many science-management partnership eﬀorts in the Paciﬁc Northwest
and beyond have demonstrated that a collaborative approach to synthesize climate change tools and options can be eﬀective (Halofsky and
Peterson, 2016). Eﬀectively applying a DGVM to regional planning can
be diﬃcult because each DGVM with its unique formulation exhibits
regional biases (Sitch et al., 2008), and ﬁnding good quality input data
and calibrating the model to ﬁne-scale spatial processes is a lengthy and
challenging process (Bachelet et al., 2015b). These challenges suggest a
need for a clearly articulated approach for calibrating and evaluating a
dynamic global vegetation model at the regional scale. Although a few
MC1 or MC2 simulation papers provide brief outlines of the calibration
process (e.g., Sheehan et al., 2015; Kim et al., 2017), most regional
simulation papers provide little to no descriptions of the calibration and
validation process (e.g., Bachelet et al., 2015a, 2016; King et al., 2013;
Yospin et al., 2015; Halofsky et al., 2013), probably due to limitations

1. Introduction
Climate is already changing in the Paciﬁc Northwest (Abatzoglou
et al., 2014), and is projected to warm by 5.0 °C by the end of the
century (Rupp et al., 2016) under representative concentration
pathway 8.5 (RCP8.5), the “no mitigation” baseline climate change
scenario (Riahi et al., 2011). Under this scenario, climate of the Paciﬁc
Northwest will change with a horizontal velocity exceeding
0.11 km yr−1 (Loarie et al., 2009), and will permanently depart historical climatic conditions by the year 2050 (Kerns et al., 2016).
Warming temperatures are projected to greatly reduce available climate
niches for many forest species in the Paciﬁc Northwest (McKenzie et al.,
2003; Rehfeldt et al., 2006), drive massive dieback of conifers
(McDowell et al., 2015), increase ﬁre frequency and severity (Rogers
et al., 2011; Westerling et al., 2006), and bring episodes of hazardous
air quality (Thompson et al., 2011). Like most of the western US, climate can vary considerably with elevation in the Blue Mountains
Ecoregion, a 7.2 Mha ecoregion in the Paciﬁc Northwest (Omernik,
1987), and the eﬀects of climate change may vary greatly across elevation gradients. In order to understand the range of potential future
vegetation change in mountainous areas, information from vegetation
models is needed at relatively ﬁne spatial scales. The availability of
model output at ﬁne scales also facilitates applying model-based projections to potential management responses.
The rapid, dynamic and complex nature of impending climate
change necessitates the use of modeling tools that can account for the
complexities of changing climate and the potential for novel conditions.
Although species distribution models are appealing due to their ability
to hindcast observed biogeography, they may have poor predictive
performance under new climates when past correlative relationships do
not apply (Bell and Schlaepfer, 2016; Kerns et al., 2017a). MC2 is a
dynamic global vegetation model (DGVM), a climate-aware, processbased, spatially explicit vegetation model that represents the landscape
as a grid. MC2 is driven with long-term future climate projections and
has the ability to project future vegetation and wildﬁre under no-analog
climate conditions (Bachelet et al., 2001; Conklin et al., 2016).
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and subalpine ﬁr (Abies lasiocarpa). At high elevations, Engelmann
spruce (Picea engelmannii), subalpine ﬁr, and whitebark pine (Pinus albicaulis) dominate. Grazing, ﬁre suppression and selective logging of
economically valuable trees is common across the ecoregion. Halofsky
and Peterson (2016) describes the biogeography and climate of this
region in greater detail and Kerns et al. (2017b) describe the vegetation
of the region in greater detail.
MC2 simulation was performed as a component of the Blue
Mountains Adaptation Partnership (BMAP), a science-management
partnership among the U.S. Forest Service Paciﬁc Northwest Research
Station, Paciﬁc Northwest Region, Oregon State University, and resource managers in the Wallowa-Whitman, Umatilla, and Malheur
National Forests. When formed, BMAP was one of the largest climate
change vulnerability assessments in area on federal lands in North
America (Halofsky et al., 2015). The vulnerability assessment was
subsequently used to develop resource management tools and techniques that will facilitate adaptation to a changing climate. Our primary
contact for obtaining data and guidance on model application was the
Blue Mountains Restoration Strategy Interdisciplinary Team, a group of
nine Forest Service scientists and resource managers already working
on rapidly restoring resiliency to the Blue Mountains after more than a
century of ﬁre suppression. Through the restoration team, we obtained
the best available spatial datasets to use as model input or evaluation
benchmarks, including soil surveys, climate and ﬁre data, and vegetation distribution maps.

on paper length and focus. Some papers provide detailed parameter
values (e.g., Creutzburg et al., 2015; Drapek et al., 2015b; Rogers et al.,
2011), but do not provide a description of the overall approach, which
makes simulations diﬃcult to reproduce or emulate.
In this paper, we describe the full modeling lifecycle of applying
MC2 DGVM to the Blue Mountains Ecoregion within the context of
science-management partnership collaboration. We outline all the essential steps in the modeling workﬂow. We demonstrate the methodologies for assembling input data, calibrating and evaluating the
model. Our aim is to document the process of applying the MC2 DGVM
at a regional scale, so that the methodology is more transparent to the
end-user community in the Blue Mountains Ecoregion and to the general modeling community. We also analyze key simulation output data
to describe the broad-scale patterns and drivers of vegetation response
simulated by MC2. This analysis is intended to complement the exploration of climate change eﬀects on vegetation using multiple lines of
evidence (Kerns et al., 2017b), by providing details about the MC2 simulation results not covered in Kerns et al. (2017a).
2. Methods
2.1. Study area
The Blue Mountains Ecoregion (BME) is a US EPA Level 3 ecoregion
(Omernik. 1987) located in Northeastern Oregon, a 7.2 Mha complex of
mountains and basins ranging in elevation from 186 m to 2658 m, with
an average elevation of 1292 m. (Fig. 1). Most of the mountains in the
region are volcanic in origin, although the Wallowa and Elkhorn
Mountains are composed of granitic intrusives, deep sea sediments, and
metamorphosed rocks (Thorson et al., 2003). Soil depth ranges from
15 cm to 254 cm, with an average of 96 cm according to soil dataset
produced by the Integrated Landscape Assessment Project (ILAP)
(Halofsky et al., 2014a). The climate of the region is Mediterranean,
with mean annual temperature of 7.5 °C and average annual precipitation of 518 mm, with most of the precipitation falling in the
winter, as both rain and snow. The lower elevations of the ecoregion
comprise grasslands, shrublands, and juniper woodlands. Dry conifer
forests occupy the lower montane zone, with ponderosa pine (Pinus
ponderosa), Douglas-ﬁr (Pseudotsuga menziesii), and grand ﬁr (Abies
grandis). In the upper montane forests include Douglas-ﬁr, grand ﬁr,

2.2. Overview of MC2 DGVM structure
MC2 is the computationally eﬃcient but functionally equivalent
version of MC1 DGVM, rewritten in C++. Because MC2 design and
structure are described in detail elsewhere (Bachelet et al., 2001;
Conklin et al., 2016), we summarize only the relevant characteristics of
MC2 here and speciﬁc methods employed for the current study. MC2
comprises three submodels (Fig. 2): the CENTURY Soil Organic Matter
Model (Parton et al., 1993), which simulates ecosystem carbon and
water balance; the MC-Fire ﬁre simulation model (Conklin et al., 2016);
and the MAPSS vegetation biogeography model (Neilson, 1995). Vegetation is represented as one of many plant functional types (PFT)
(Table 1). The CENTURY and MC-Fire submodels run on a monthly time
step. The CENTURY submodel simulates competition for light, water

Fig. 1. Blue Mountains Ecoregion (BME) is a US EPA Level 3 ecoregion (Omernik, 1987) located in northeastern Oregon, United States, with some portions in
Washington and Idaho. BME encompasses three national forests: Malheur NF, Umatilla NF and Wallowa-Whitman NF.
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water availability, leaf area index, and CO2 concentration. The tree PFT
and grass PFT compete for soil water, and the tree PFT may shade grass,
limiting its NPP. The ecosystem state is passed to MC-Fire each month
(Fig. 2).
The MC-Fire submodel is designed to project long-term ﬁre eﬀects
on vegetation, not the dynamics of individual ﬁres. It uses a random
weather generator to simulate daily weather and fuel conditions
(Conklin et al., 2016). Fire occurrence is simulated when fuel conditions exceed two thresholds (build-up index and ﬁne fuel moisture
code). The ﬁre module calculates fraction of the grid cell burned as a
reciprocal of the prescribed ﬁre return interval. Fire severity for the grid
cell, including the occurrence of a canopy ﬁre, is calculated for a single
representative tree. Fire does not spread across cells, and is limited to
one occurrence per grid cell per year. Fire eﬀects are passed back to the
CENTURY submodel.
At the end of each simulated year, a biogeography submodel classiﬁes the ecosystem state of the grid cell into a plant functional type
(PFT). PFTs are used, in turn, to look up ﬁre regime parameters, including ﬁre occurrence thresholds and return intervals.
2.3. Preparing simulation input data
MC2 requires various gridded input ﬁles: elevation data, climate
data (temperature, precipitation and vapor pressure), and soils data. All
datasets must be resampled and registered to the same coordinate
system.
Climate data covering two periods are needed: historical and future.
For historical, we used PRISM climate data (Daly et al., 2008), available
in 30 arc-second resolution (∼800 m at this latitude). For future climate projections, we considered downscaled climate data products
based on the Coupled Model Intercomparison Project Phase 5 (CMIP5)
GCM outputs, available through the Earth System Grid Federation
(Cinquini et al., 2014). When this project commenced, the ﬁnest scale
downscaled CMIP5 climate projections covering the study area was 1/
24° (∼4 km) spatial resolution. Based on guidance from the Blue
Mountains Restoration Strategy Interdisciplinary Team, our primary
contact for resource managers, that 4 km resolution is too coarse for
adaptation planning in the Blue Mountains Ecoregion, we opted to
downscale GCM outputs to 30 arc-second spatial resolution, using the
Delta Method (Fowler et al., 2007) with PRISM climate data (Daly et al.,
2008) as the reference historical climate dataset. We chose to use
RCP8.5 climate change scenario as a reference case, representing a
future without an eﬀective global mitigation policy.
Over 30 GCM outputs have been published online by CMIP5. We
selected four GCM outputs so that the selected set spans a plausible
range of possible future climate conditions, as characterized by mean
annual temperature and precipitation, while avoiding GCM's with poor
skill for simulating historical climate of the Paciﬁc Northwest (Rupp
et al., 2013). We selected CSIRO-Mk3.6.0 for its proximity to RCP8.5
ensemble mean, HadGEM2-ES to represent the greatest warming, MRICGCM3 to represent the least warming, and NORESM1-M to represent a
wetter climate (Fig. 3). We downscaled four climate variables required
by MC2: monthly averages of daily maximum and minimum temperatures, precipitation and vapor pressure. For vapor pressure, we ﬁrst
calculated it from surface speciﬁc humidity and surface air pressure,
then downscaled to 30 arc-seconds.
For soils data, MC2 requires soil texture for 3 layers (0–50 cm,
50–150 cm, and > 150 cm), where texture is quantiﬁed as percent rock,
sand, silt and clay. Total soil depth and bulk density are also required.
Using the best available soil dataset is critical, because soil data can
exert a strong eﬀect on ecosystem carbon simulated by MC2 (Peterman
et al., 2014). We consulted with resource managers and identiﬁed a
suitable soil dataset, developed in the Integrated Landscape Assessment
Project (ILAP) (Halofsky et al., 2014a). ILAP summarized rock, sand,
clay and silt percentages, along with soil depth and bulk density, from
Soil Survey Geographic Database (SSURGO) and State Soil Geographic

Fig. 2. MC2 is comprised of three distinct submodels. The Century submodel
simulates ecosystem carbon and water balance, and passes ecosystem state to
the MCFire submodel every month. Fire eﬀects calculated by MCFire submodel
is passed to the Century submodel each month. A biogeography submodel
consisting of biogeography rules is invoked at the end of each year, and its
classiﬁcation of each grid cell into a vegetation is passed back to the other two
submodels.
Table 1
Crosswalk between Potential Vegetation Types (PVT) by Integrated Landscape
Assessment Project (ILAP) (Halofsky et al. 2014a,b) and MC2 plant functional
types (PFT).
ILAP PVT

MC2 PFT

Subalpine woodland
Mountain hemlock – cold/dry
Subalpine ﬁr – cold/dry
Subalpine meadows – green fescue

Subalpine forest

Grand ﬁr – cool/moist

Moist temperate needleleaf forest

Grand ﬁr – warm/dry
Mixed conifer – cold/dry
Douglas-ﬁr – dry

Mesic temperate needleleaf forest

Ponderosa pine – dry, with juniper
Ponderosa pine – xeric

Dry temperate needleleaf forest

Western juniper woodland
Mountain big sagebrush – with juniper
Mountain mahogany
Low sage – mesic, with juniper

Temperate needleleaf woodland

Montane and canyon shrubland
Bitterbrush – with juniper
Wyoming big sagebrush – with juniper
Wyoming big sagebrush – no juniper
Low sage – mesic, no juniper
Rigid sage
Threetip sage

Temperate shrubland

Salt desert shrub – upland
Salt desert shrub – lowland

Subtropical shrubland

Bluebunch-wheatgrass – Sandberg bluegrass
Idaho fescue – Prairie junegrass

Temperate grassland

and nutrients between a single representative tree PFT and a grass PFT.
Primary productivity is simulated by calculating net primary productivity (NPP) of tree and grass as a function of air temperature, soil
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Fig. 3. Climate projections were selected from published CMIP5 RCP8.5 datasets by selecting general circulation models (GCM) that span the range of values in mean
annual temperature and precipitation, while avoiding GCMs with low model skill per Rupp et al. (2013). CSIRO-Mk3.6.0 (labeled “REF” for reference) was selected
for its proximity to the ensemble mean. HadGEM2-ES (“HOT”), MRI-CGCM3 (“COOL”) and NorESM1-M (“WET”) were selected for their positions relative to the
ensemble mean.

Database (STATSGO) tabular data (Soil Survey Staﬀ, Natural Resources
Conservation Service, United States Department of Agriculture, 2016),
joined those summary values to source feature polygon data from the
Natural Resources Conservation Service, and then converted the data to
30 arc-second raster using the cell center to assign the values.

selected every 6th grid cell along latitude and longitude (2.8% of all
grid cells) to create a small sample grid for use in calibration. A historical simulation of the sample grid completed in less than 20 min,
enabling rapid, repeated calibration runs.
National forest ecologists and land managers were generally familiar with ILAP potential vegetation types (PVT) but not familiar with
the plant functional types (PFT) that MC2 simulates. To make MC2
results more useful to national forest managers, we developed a crosswalk between ILAP PVT and MC2 PFT (Table 1). Generally, multiple
ILAP PVTs were lumped and associated with a single MC2 PFT. For
example, many ILAP upland forest types were initially cross-walked
into a single MC2 PFT, the temperate needleleaf forest. However, because national forest managers were interested in potential future
conditions for diﬀerent upland forest types, we split the temperate
needleleaf forest PFT into three distinct PFTs: moist, mesic and dry
forest. We modiﬁed the MC2 biogeography algorithm so that average
annual precipitation would be used to distinguish among the three
PFTs.
We calibrated MC2 systematically by following steps that mirror
MC2’s structural design (Fig. 4). We ﬁrst calibrated simulated net primary productivity (NPP), biome biogeography, and PFT biogeography
without simulating ﬁre occurrence, comparing MC2 outputs for the
recent historical period with related benchmark datasets obtained from
and/or in consultation with project partners. Once NPP and biogeography were initially calibrated, we enabled MC2 to simulate ﬁre occurrence and calibrated the ﬁre parameters. After completing the ﬁre
calibration, we returned to ﬁne-tuning NPP and biogeography further,
since simulated ﬁre eﬀects may have signiﬁcant eﬀects on NPP and
biogeography.

2.4. Modeling protocol
MC2 must be run in multiple phases, with the end state of one phase
saved and used as the initial state of the next phase. In the ﬁrst phase,
MC2 is run with 30-year monthly climatology representing the period
1895–1924, to equilibrate its internal states to that period’s climate.
Secondly, MC2 is run with a detrended version of the 1895–2008
transient climate data for over a hundred iterations, to allow its slowchanging soil carbon pools to reach an equilibrium state. The third
phase is the historical simulation, run with 1895–2008 climate data.
Finally, each future scenario is simulated starting with the model state
saved from year 2008. Future simulations are run from 2009 to 2100.
We ran the historical simulation with ﬁre suppression turned on, in
order to calibrate the model to observation data; and we ran the future
simulations with ﬁre suppression turned oﬀ, to provide resource managers a base case where vegetation and ﬁre interact without direct intervention.
2.5. Model calibration & evaluation
At the selected spatial resolution (30 arc-seconds, ∼800 m) the Blue
Mountains Ecoregion is represented by 111,067 grid cells, and MC2
requires 7 h to simulate 100 years on a typical desktop computer. We
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Fig. 4. We calibrated MC2 systematically by following steps that mirror MC2’s structural design. We used benchmark datasets obtained from stakeholders.

MC2 NPP vs. MODIS NPP

forest carbon stocks and grass NPP to threshold values. We adjusted
those threshold values so that the biome biogeography simulated by
MC2 matched the biogeography of ILAP PVTs. MC2 further classiﬁes
each grid cell into one of 30 internally deﬁned PFTs (many of which,
such as the tropical PFTs, are not invoked by the algorithm for this
study area). This classiﬁcation is done by comparing simulated vegetation carbon stocks and NPP, plus temperature, precipitation, leaf
phenology and morphology information, against thresholds values. We
primarily adjusted the precipitation thresholds so that the biogeography of forest types reasonably matched that given by the ILAP PVT
map (Fig. 6). MC2 simulates the overall biogeography of the biomes
with reasonable accuracy, locating moist temperate needleleaf forests
in the Umatilla National Forest, and a mix of subalpine forests and the
temperate forests in the Wallowa-Whitman National Forest. MC2 has
some diﬃculty simulating the dominance of mesic temperate forests in
the Malheur National Forest, as well as the mix of woodlands, shrublands and grasslands in the southern and southwestern reaches of the
study area. ILAP PVT data show large subregions of temperate grassland in the northern sector, surrounding the two national forests, while
MC2 simulates those areas as mesic temperate forests. That diﬀerence
may arise from the soil data overestimating the soil depths, leading to
higher soil moisture content and greater plant productivity. Conversely,
ILAP PVT data may represent some bias toward grass dominance in
those areas because much of the area is currently used as rangeland,
and ILAP PVT data are derived in part from observation data (Halofsky
et al., 2014a).
For calibrating simulated ﬁres in MC2, we adjust parameters that
control ﬁre occurrence and those that control the fraction of the grid
cell burned. MC2 simulates ﬁre occurrence in a given cell (not the ignition process, natural nor anthropogenic) by calculating fuel conditions from the climate data, and comparing them against threshold
values. Speciﬁcally, it calculates the ﬁne fuel moisture code (FFMC), a
fuel moisture code representing the litter layer and other cured ﬁne
fuels; and build-up index (BUI), a ﬁre behavior index representing total
fuel available for consumption (Van Wagener, 1987). When MC2 simulates ﬁre occurrence for a given grid cell, it calculates the fraction of
the grid cell burned as a function of the number of years since the last
ﬁre occurrence for that grid cell, and the prescribed ﬁre return interval
for the PFT of the grid cell.
To calibrate MC2’s ﬁre dynamics, we used a recent calibration of
MC2 for Central Oregon (Halofsky et al., 2013) as a starting point, and
we further adjusted FFMC and BUI thresholds (Table 2) and the prescribed ﬁre return intervals for each PFT (Tables 3, 4). We used LANDFIRE Rapid Assessment Vegetation Model (Beukema et al., 2003;
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Fig. 5. Net primary production (NPP) simulated by MC2 for 2000–2009 vs. NPP
per MODIS (Zhao et al., 2005), averaged per MC2 plant functional type for the
study area.

We compared and calibrated MC2 NPP to MODIS Terrestrial Gross
and Net Primary Production Global Data Set, version MOD17 (Zhao
et al., 2005). Although MODIS NPP is not a pure observational dataset,
and includes many assumptions, it is the only gridded NPP dataset for
the study area. MC2 calculates NPP as a function of available soil
moisture and air temperature. For this calculation, MC2 locates each
grid cell along a gradient that spans four leaf phenology-morphology
types: deciduous-needleleaf (DN), evergreen-needleleaf (EN), deciduous-broadleaf (DB) and evergreen-broadleaf (EB) (Daly et al., 2000).
MC2 calculates NPP for each leaf phenology-morphology type using its
own set of parameters. We adjusted the parameter controlling the
maximum NPP values for the four leaf phenology-morphology types,
until reasonable correspondence with MODIS NPP was obtained for
each PFT in the study area (Fig. 5). On average, MC2 slightly underestimated NPP given by MODIS for each PFT, with a similar range of
values.
Biome and PFT biogeography are determined by a rule-based algorithm within MC2 (Neilson 1995; Bachelet et al., 2001). The algorithm ﬁrst classiﬁes a given grid cell into one of ﬁve biomes—desert,
grassland, shrubland, woodland and forest—by comparing simulated
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Fig. 6. Integrated Landscape Assessment Project (ILAP) (Halofsky et al., 2013) Potential vegetation type (PVT) translated into MC2 plant functional type (PFT) (top),
compared with MC2 PFT output for 1970–1999 period (bottom). Boundaries of Umatilla (UMA), Wallowa-Whitman (WAW) and Malheur (MAL) National Forests are
shown in black.

Hann et al., 2008; The Nature Conservancy, USDA Forest Service, and
Department of the Interior, 2005) as benchmarks. We compared mean
ﬁre return intervals resulting from MC2 simulations against ﬁre return
intervals calculated from the LANDFIRE dataset. We compared areaweighted means of the ﬁre return intervals for each PFT.

stable between the historical period (1979–2008) and the end of the
century (2071–2100), but temperate and dry temperate needleleaf
forests converted to woodlands during that time (Figs. 7b, 8a). With the
“wet” GCM (NORESM1-M), moist temperate needleleaf forest expanded
greatly, from 17% of the ecoregion in the historical period (1979–2008)
to 32% by the end of the century (2070–2099) (Fig. 8a), gaining area
through conversions from dry and mesic needleleaf forests, as well as
conversions from subalpine forests.
The ensemble of simulation outputs exhibited strong agreement in
three broadly deﬁned areas within the Blue Mountains Ecoregion
(Fig. 7f). One, the existing distribution of moist temperate forests—which occur largely in Umatilla National Forest and to a lesser extent in Wallowa-Whitman National Forest—remain stable under these
climate projections. The agreement is the strongest in the northernmost district of Umatilla National Forest, where none of the simulations

3. Results
Under RCP8.5 climate change scenario, MC2 projected broad-scale
changes in the distribution of forest types within the Blue Mountains
Ecoregion by the end of the century (Fig. 7). Simulations based on all
four GCM’s projected that the subalpine forests in the high elevation
portions of Wallowa-Whitman National Forest will convert to moist
temperate forests. With all simulations except for the one driven by the
“wet” GCM (NORESM1-M), moist needleleaf forests remained relatively
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National Forest. Simulations driven by all four GCM’s project that these
subalpine forests will disappear, converting to moist temperate needleleaf forests (Figs. 7f, 8c). The third area of strong agreement covers
much of the southern half of the Blue Mountains Ecoregion, where all
four simulations project conversion of the temperate shrublands and
grasslands to subtropical shrublands and grasslands. The majority of
this type shift occurs at the drier, lower elevation landscapes outside of
national forests. MC2 distinguishes temperate plant functional types
from subtropical ones primarily by applying a climate threshold on
average annual temperature; the diﬀerence is not driven simulation of a
complex physiological mechanism.
Each of the three national forests is exposed to climate change and
its uncertainties in a diﬀerent way (Fig. 8). Uncertainty from the choice
of GCM used to drive the simulations is represented by the spread of the
projected proportions of each plant functional type within a national
forest (Fig. 8). For example, in the Umatilla National Forest, the projected proportions of temperate needleleaf woodland are nearly the
same for all the GCM’s, although generally higher than the historical
proportion (Fig. 8b). In this case, the GCM’s contribute little uncertainty
to the projections. In contrast, there is far greater uncertainty with
moist temperate needleleaf forests, which has historically dominated
Umatilla National Forest. This is evident when comparing the results
based on the “reference” GCM (CSIRO-Mk3.6.0), the “cool” GCM (MRICGCM3), and the “wet” GCM (NORESM1-M). In the projection based on
the “reference” GCM (CSIRO-Mk3.6.0), plant functional type fractions
remain relatively stable into the future, where a small fraction of the
forests contract while woodlands and shrublands expand (Fig. 8b). In
the projection based on the “cool” GCM (MRI-CGCM3), there is a
greater loss of the moist temperate needleleaf forest, while in the projection based on the “wet” GCM (NORESM1-M) moist temperate needleleaf forest signiﬁcantly expands at the expense of temperate needleleaf forest.
Relative to model projections for Umatilla National Forest, model
projections for Wallowa-Whitman and Malheur National Forests exhibit
greater uncertainty (Fig. 8c, d). The projected distributions of moist
temperate needleleaf forests, woodlands and shrublands in these national forests have a wider range of outcomes depending on the GCM’s.
For example, the moist temperate needleleaf forests in the Malheur are
projected contract somewhat based on the “cool” GCM (MRI-CGCM3)
but nearly triple in extent based on the “wet” GCM (NORESM1-M). Also
in the Malheur, woodlands and subtropical shrublands are projected to
expand greatly based on the “hot” GCM (HadGEM2-ES), but are projected to remain relatively stable based on the “wet” GCM (NORESM1M). With all GCM’s the temperate needleleaf forest contracts in the
Malheur, suggesting that those forests are converting to other plant
functional types.
An analysis of the plant functional type conversions between the
historical period (1979–2008) and the end of the century (2070–2099)
based on the “reference” GCM (CSIRO-Mk3.6.0) reveals greater details
about the type shifts driven by climate change. Table 5 tallies the
fractions of grid cells that shift from one plant functional type in the
historical period to another plant functional type in by the end of the
century. As stated earlier, some of the current plant functional types are
highly unstable in these simulated projections. Sixty-nine percent of
subalpine forest in the ecoregion convert to cool needleleaf forest by the
end of the century, and 27% convert to temperate needleleaf forest
(Table 5). A large fraction of existing cool needleleaf forest (82%) remains stable, but 15% of it degrades into the less productive temperate
needleleaf woodland. Although much of the existing evergreen needleleaf forest remains stable (61%), a large fraction of it (32%) degrades
into the less productive temperate needleleaf woodland. Dry temperate
needleleaf forests are the least stable, and nearly all of them are projected to transition into less productive plant functional types, with
40% shifting into temperate needleleaf woodland, and 35% shifting
into subtropical shrubland.
The dynamic mechanisms driving the forest conversions are

Table 2
Fire occurrence thresholds, compared with values calibrated for the Central
Oregon simulation by Halofsky et al. (2013) and model default values for the
conterminous U.S. Fine fuel moisture code (FFMC) and build-up index (BUI)
represent fuel conditions (Van Wagener, 1987).
MC2 PFT

Subalpine Forest
Moist Temperate
Needleleaf Forest
Temperate
Needleleaf Forest
Dry Temperate
Needleleaf Forest
Temperate Cool
Mixed Woodland
Temperate
Needleleaf
Woodland
Temperate Shrubland
Temperate Grassland
Subtropical
Shrubland

Blue Mountains
Ecoregion

Central Oregon

Default

FFMC

BUI

FFMC

BUI

FFMC

BUI

90.85
91.7

150
185

89.14
89.14

245
245

89.14
89.14

122.85
122.85

91.75

200

89.14

245

89.14

122.85

91.4

215

n.a.

n.a.

n.a.

n.a.

89.14

122.85

89.14

245

89.14

122.85

94.5

311

89.14

245

89.14

122.85

92.5
91.5
95

235
122.85
343

89.14
89.14
89.14

245
245
245

89.14
89.14
89.14

122.85
122.85
122.85

Table 3
Prescribed ﬁre return intervals for the Blue Mountains Ecoregion, compared
with values calibrated for the Central Oregon simulation by Halofsky et al.
(2013), and model default values for the conterminous U.S.
MC2 PFT

Blue Mountains
Ecoregion
(yr)

Central
Oregon
(yr)

Default
(yr)

Subalpine Forest
Moist Temperate Needleleaf
Forest
Temperate Needleleaf Forest
Dry Temperate Needleleaf
Forest
Temperate Cool Mixed
Woodland
Temperate Needleleaf
Woodland
Temperate Shrubland
Temperate Grassland
Subtropical Shrubland

170
200

300
50–150

300
50–150

197
80–190

50
n.a.

50
n.a.

55

15

15

542

15

15

161
57
1666

30
7
30

30
15–32
30

Table 4
Calibrated mean ﬁre return intervals from MC2 and from LANDFIRE Rapid
Assessment Vegetation Model (Beukema et al., 2003; Hann et al., 2008; The
Nature Conservancy, USDA Forest Service, and Department of the Interior,
2005).
MC2 PFT

MC2 MFRI (yr)

Landﬁre MFRI (yr)

Subalpine Forest
Cool Moist Needleleaf Forest
Mesic Temperate Needleleaf Forest
Cool Dry Needleleaf Forest
Temperate Needleleaf Woodland
Temperate Shrubland
Temperate Grassland
Subtropical Shrubland
Subtropical Grassland

224
195
142
150
335
326
15
79
5

170
200
197
130
541
161
57
1666
n.a.

project the moist temperate needleleaf forest to shift into diﬀerent types
of forests. The agreement is weaker in the more southern districts of
Umatilla National Forest, where one or two simulations do project shifts
into other forest types. A second area of strong agreement occurs in the
subalpine forests in the high elevation areas of the Wallowa-Whitman
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Fig. 7. Simulated vegetation distribution for 1979–2008 (a); projected distribution of MC2 plant functional type (PFT) for 2071–2100 under RCP8.5 climate change
scenario for the four GCMs (b–e); and the number of future projections where vegetation is projected to change (f).

four GCM’s: the “reference” GCM (CSIRO-Mk3.6.0), the “hot” GCM
(HadGEM2-ES), and the “wet” GCM (NORESM1-M) (Fig. 9c, d). For
these three GCM’s, ﬁre occurrence was projected to increase nearly
monotonically throughout the century (Fig. 9c), but burned areas peak
mid-century and stabilize thereafter (Fig. 9d). The high levels of burned

illustrated by the transient values of ecosystem characteristics (Fig. 9).
Warming temperatures and increasing CO2 concentrations steadily
drive all biomes to higher levels of net primary productivity (NPP)
throughout most of this century (Fig. 9a). Forest carbon stocks, however, decrease mid-century due to increased ﬁre activity for three of the
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Fig. 8. Simulated proportions of MC2 PFT for the recent historical period (1979–2008) and the future (2071–2100) under RCP8.5 climate change scenario, aggregated for the Blue Mountains Ecoregion (BME) (a), Umatilla National Forest (UMA) (b), Wallowa-Whitman National Forest (WAW) (c), and the Malheur National
Forest (MAL) (d). MC2 PFTs are abbreviated as follows: subalpine forest (SUB), moist temperate needleleaf forest (MOI), temperate needleleaf forest (TEM), dry
temperate needleleaf forest (DRY), temperate needleleaf woodland (WOO), temperate shrubland (SHR), subtropical shrubland (SSH), temperate grassland (GRA),
subtropical grassland (SGR).

4. Discussion

areas in the mid-century catalyze major biome shifts during that time
(Fig. 9e). With the “cool” GCM (MRI-CGCM3), there is a threshold effect where the projected increase in temperature does not result in a
higher rate of ﬁre occurrence until the very end of the century. Until
then, warming temperatures and the CO2 fertilization eﬀect steadily
increase net primary productivity and carbon accumulation in the
forest. In the last decade of the century, ﬁre occurrence increases, and
the accumulated forest carbon stocks are burned.

A dynamic global vegetation model (DGVM) designed and calibrated at the global or continental scales has diﬃculty representing
ﬁner-scale plant dynamics (Quillet et al., 2010), unless calibrated to
regional conditions. In this paper we document a structured approach
for calibrating MC2 DGVM to the Blue Mountains Ecoregion, where
each major submodel of MC2 is calibrated to observation data (Fig. 4).
This is a structured approach similar to one demonstrated for another
terrestrial biome model, Biome-BGC (Wang et al., 2009), and an example, though a limited one, of the highly detailed and structured

Table 5
Plant functional type transitions for the Blue Mountains Ecoregion from historical (1979–2008) to end of the century (2070–2099) simulated with CSIRO-Mk3.6.0
under RCP8.5. The transition matrix shows the transition quantities as % of grid cells in historical plant functional types. Plant functional types that contribute less
than 1% of landscape are omitted for clarity. Higher percentages are shaded darker. Matrix cells with black borderlines represent no transition.
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Fig. 9. Transient values of net primary productivity (NPP) (a), forest carbon stock (b), ﬁre occurrence (c), area burned by ﬁre (d), and changes in biome type (e).
Values are averaged across the study area per year. Biome shift is calculated with respect to the 1979–2008 reference period.

approach advocated by Luo et al. (2012). Without a structured and
balanced approach to calibration, the best possible ﬁt may not be obtained, and may lead to over-ﬁtting of inappropriate parameters.
As colorfully explained by Fisher et al. (2014), each DGVM is like a
blind man describing an elephant. In addition, we believe each application of DGVM to a region has a set of strengths and limitations arising
from the choice of climate datasets, simulation protocol, calibration,
and model customizations. The current study is no exception, having
several limitations. One shortcoming of our approach is that we did not
calibrate the model to a larger simulation domain that includes areas
that have historical climate that is analogous to future climate for the
Blue Mountains Ecoregion. Identifying the climate analog areas and, if
they occur where necessary input data may be obtained, calibrating the
model to those areas would increase our conﬁdence in model’s ability to
correctly simulate vegetation under possible future climates.
Another way to obtain a more robust set of future projections would
be to use a greater ensemble of future climate datasets. Many high
quality downscaled climate datasets had not been published when this
study commenced but are now available: ClimateNA (Wang et al.,
2012), NASA NEX-DCP30 (Thrasher et al., 2013), NARCCP (Mearns
et al., 2009), and two datasets downscaled using the MACA method
(Abatzoglou and Brown, 2012): MACA2-METDATA (Hegewisch and
Abatzoglou, 2017a), and MACA2-LIVNEH (Hegewisch and Abatzoglou,
2017b). The use of these alternate climate dataset to drive MC2 simulations may yield signiﬁcantly diﬀerent projections.
Inaccurate soil data may have caused MC2 to inaccurately simulate
most of the low-elevation areas between the Umatilla and WallowaWhitman National Forests as forests and shrublands, instead of grasslands. High resolution, high accuracy soil datasets are diﬃcult to obtain
for large study areas. Furthermore, the soil data format used by MC2,
which represents only three soil layers, each with limited soil texture

information, may inadequately represent soil hydrologic, thermal and
chemical traits. Additionally, the algorithm for nitrogen limitation was
turned oﬀ in our simulations, due to the lack of satisfactory data to
calibrate the process. Not coincidentally a survey of DGVM researchers
show the word “nitrogen” as the most popular keyword in their description of research directions (Fisher et al., 2014).
MC2’s ﬁre submodel has important limitations. For one, it does not
directly simulate the ﬁre ignition process. Under climate change,
lightning strikes are projected to increase (Romps et al., 2014), although it is unclear what the projections are for lightning without signiﬁcant precipitation. Anthropogenic ignitions may also increase in the
Blue Mountains, since recreation and tourism are signiﬁcant activities
in the region currently. Although climate change thus far has resulted in
the perception of only milder winters, without the perception of uncomfortably hot summers, 88% of the U.S. population is projected to
experience worsening weather in the future (Egan and Mullin, 2016),
which may lead to immigration into this region and thereby increase
anthropogenic ignitions. Another limitation related to ﬁre simulation is
that only a single ﬁre return interval was prescribed per MC2 PFT, even
though MC2 has the capacity to simulate a range of ﬁre return intervals
that respond to climate. At the commencement of the study, that mechanism had not been exercised and evaluated. Using it may increase
simulated ﬁre frequency, as the warming climate decreases the ﬁre
return intervals, which in turn expand the fraction of grid cell burned.
Various eﬀorts are underway to improve ﬁre simulation in DGVMs (e.g.,
Pfeiﬀer and Kaplan, 2012), which may ultimately inform improvements
to the MC2 ﬁre submodel.
Other disturbances regimes were not simulated. Bachelet et al.
(2015a) prescribed land use eﬀects in their MC2 simulation of the
conterminous U.S., and documented profound reductions on projections of carbon sequestrations and increases in forest expansion at the
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PFTs represent various species, including grand ﬁr (Abies grandis),
Douglas-ﬁr (Pseudotsuga menziesii) and ponderosa pine (Pinus ponderosa), and their biogeography algorithm could be improved with insight from species distribution models.

continental scale, compared to simulations with no land use eﬀects. The
version of MC2 we used also does not simulate insect and pathogen
outbreaks, invasive species, nor grazing on the understory vegetation.
All of the aforementioned limitations notwithstanding, our MC2
simulations made projections broadly consistent with projections made
by MC2 in other applications. In all four of our projections there is near
total loss of subalpine forests. Rogers et al. (2011) report the same
projection for the loss of subalpine forests under the SRES A2 scenario
for the Cascade Range, and Sheehan et al. (2015) report that subalpine
forests are projected to be “nearly absent” under RCP8.5 in the “Eastern
Northwest Mountains” region of the Paciﬁc Northwest, which include
the Blue Mountains Ecoregion. In our simulations, net primary production (NPP) increases throughout the century as temperatures increase, precipitation remains relatively stable, and CO2 concentrations
rise. This is due to the lengthening of the growing season, but the model
does not constrain NPP for limited solar radiation under cloudy skies,
which may be a signiﬁcant factor in this region in the spring and fall
(Rogers et al., 2011). Furthermore, MC2 does not directly simulate
drought-induced carbon starvation and hydraulic failures, as well as
other drought-induced paths to tree mortality (Zeppel et al., 2013),
which may lead MC2 to overestimate productivity and survivorship by
trees during the hotter future summers.
Our simulations project a steep increase in ﬁre occurrence
throughout the century and burned area peaking early- to mid-century,
based on three out of the four GCMs used (Fig. 9). This is broadly
consistent with the simulation results obtained by Sheehan et al. (2015)
for the “Eastern Northwest Mountains” region of the Paciﬁc Northwest,
where they report a sharp reduction in mean ﬁre return interval and a
40% increase in burned area from the 20th century to the 21st century.
Rogers et al. (2011) also report ﬁre activity intensifying in their simulation domain (which includes only the western half of the Blue
Mountains Ecoregion) under the SRES A2 scenario. In our simulation,
burned activity peaks mid-century for three of the four GCMs, coinciding with, and therefore likely driving, the reduction in forest C stocks
and the peak in biome shifts (Fig. 9). This transient pattern is broadly
consistent with the pattern reported by Bachelet et al. (2015a) for their
continental U.S. simulations, where ﬁre activity earlier in this century
temporarily suppresses accumulation of vegetation carbon for 2–3
decades. The speciﬁc diﬀerences in simulated ﬁre activity between our
study and those by Bachelet et al. (2015a), Rogers et al. (2011) and
Sheehan et al. (2015) arise from diﬀerent ﬁre calibrations, and the use
of diﬀerent climate scenarios and datasets.
In our simulations, the combined eﬀect of increased NPP and ﬁre
activities in the future are that, while there are conversions between
diﬀerent coniferous forest types (Table 5), there is an overall 32.8%
contraction of the coniferous forest from the historical period
(1979–2008) to the end of the century (2070–2099). This is broadly
consistent with conclusions from global scale studies, which note that
temperate coniferous forests are vulnerable to climate change
(Gonzalez et al., 2010), and that forest biomes will undergo pole-ward
migration with the trailing edge converting to lower productivity
biomes (Kim et al., 2017). Our projection of forest contraction, however, contradicts projections obtained by Sheehan et al. (2015), where
forests in the Paciﬁc Northwest expand despite increased ﬁre activity.
This diﬀerence underscores the conclusion by Rogers et al. (2011) that
ﬁre exerts a dominant control on the fate of the forests in the Paciﬁc
Northwest.
Some caution is advised when considering shifts between plant
functional types. MC2 simulated wholesale conversions of temperate
grasslands and shrublands to subtropical grasslands and shrublands.
The underlying algorithm in MC2 uses only temperature thresholds. In
this region, the invasion of subtropical species of grasses and shrubs
may require a signiﬁcant increase in summer precipitation (Pau et al.,
2013), suggesting that MC2’s representation of the conversions may be
inaccurate. Similarly, MC2 used only annual precipitation values to
distinguish among dry, mesic and moist needleleaf forests. These three
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a b s t r a c t
We used autecological, paleoecological, and modeling information to explore the potential effects of climate change on vegetation in the Blue Mountains ecoregion, Oregon (USA). Although uncertainty exists
about the exact nature of future vegetation change, we infer that the following are likely to occur by the
end of the century: (1) dominance of ponderosa pine and sagebrush will increase in many locations, (2)
the forest-steppe ecotone will move upward in latitude and elevation, (3) ponderosa pine will be distributed at higher elevations, (4) subalpine and alpine systems will be replaced by grass species, pine,
and Douglas-fir, (5) moist forest types may increase under wetter scenarios, (6) the distribution and
abundance of juniper woodlands may decrease if the frequency and extent of wildfire increase, and (7)
grasslands and shrublands will increase at lower elevations. Tree growth in energy-limited landscapes
(high elevations, north aspects) will increase as the climate warms and snowpack decreases, whereas tree
growth in water-limited landscapes (low elevations, south aspects) will decrease. Ecological disturbances, including wildfire, insect outbreaks, and non-native species, which are expected to increase in
a warmer climate, will affect species distribution, tree age, and vegetation structure, facilitating transitions to new combinations of species and vegetation patterns. In dry forests where fire has not occurred
for several decades, crown fires may result in high tree mortality, and the interaction of multiple disturbances and stressors will probably exacerbate stress complexes. Increased disturbance will favor species
with physiological and phenological traits that allow them to tolerate frequent disturbance.
Ó 2017 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Practical Implications
The paleoecological literature tells us that the distribution and abundance of plant species in the Blue Mountains has responded
to climatic variation in the past. Altered productivity and functionality of new combinations of species in the future may or may not
be a concern, depending on local management objectives and the influence of vegetation on other resources (water, animal species,
etc.). Extirpation is rarely without impacts, but ‘‘saving’’ some species will be difficult in a rapidly changing climate, making it more
realistic to focus on maintaining functionality regardless of species changes.
Increased disturbances are expected to have greater effects on vegetation than gradual effects of higher temperature. Current
vegetation management in the Blue Mountains focuses on ecological restoration, including forest density management and hazardous fuel reduction, especially in dry forests that have not experienced fire for several decades. These restoration activities are
generally effective, at least at smaller spatial scales (hundreds to a few thousand hectares), reducing the intensity of wildfires and
enhancing protection of structures.
Climate-smart management will mostly fine-tune existing practices and help prioritize restoration treatments, rather than cause a
major change in management. For example, it would be appropriate to focus treatments at the upper ecotone of where certain species might be expected to move in the future, rather than at the lower ecotone where it would be difficult to maintain those species.

⇑ Corresponding author at: U.S. Forest Service, Pacific Northwest Research
Station, 3200 SW Jefferson Way, Corvallis, OR 97331, USA.
E-mail address: bkerns@fs.fed.us (B.K. Kerns).
http://dx.doi.org/10.1016/j.cliser.2017.07.002
2405-8807/Ó 2017 Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Desirable stand densities may be lower in the future, in order to maintain tree vigor and make forests ‘‘firesafe.’’ Topographic features that affect local climate will merit greater emphasis in how they affect habitats and management prescriptions.
Climate change will affect species and ecosystems in the Blue Mountains ecoregion and we anticipate that altered distribution
and abundance of existing vegetation will occur by the end of the 21st century. Direct effects of temperature and indirect effects
of disturbance can be incorporated in existing monitoring programs to detect significant changes and develop appropriate management responses. Including climate change as a component of risk assessment will ensure that resource planning will be robust at
broad spatial and temporal scales.

1. Introduction
Future climate change is expected to alter vegetation structure
and composition, terrestrial ecosystem processes, and the delivery
of important ecosystem services over the next century. Climate
influences the spatial distribution of major vegetation biomes,
the abundance of species and communities within biomes, biotic
interactions, and the geographic ranges of individual species. Climate also strongly influences disturbance processes that shape
vegetation structure and composition. Land managers are increasingly challenged with developing science-based adaptation strategies to reduce the potential adverse effects of climate change on
vegetation and associated ecosystem resources. Here we assess
potential effects of climate change on upland vegetation in the Blue
Mountains ecoregion using long-term paleoecological records, evidence from experimental and observational studies, and simulation model projections. The assessment includes direct effects of
physical factors (e.g., temperature) and indirect effects of disturbance (e.g., wildfire) and other stressors.
The Blue Mountains ecoregion extends from the Ochoco Mountains in central Oregon (USA) to Hells Canyon of the Snake River in
northeastern Oregon and adjacent Idaho, and then north to the canyons and basalt rimrock of southeastern Washington (see Halofsky
et al., 2018). Consisting of mountain ranges in a southwest to
northeast orientation, the ecoregion functions ecologically and
floristically as a transverse bridge between the Cascade Mountains
province to the west, and the middle Rocky Mountains province to
the east. The ecoregion is a collection of small mountain ranges and
lower elevation valleys and exhibits substantial geographic variability (Wyatt, 2017). Elevation in the region ranges from 267 to
3000 m with high points throughout the Wallowa-Whitman (Sacajawea Peak, 3001 m), Malheur (Strawberry Mountain, 2756 m), and
Umatilla (Vinegar Hill Northeast, 2147 m) National Forests. Climatic differences, created in part by complex topography, further
contribute variability across the ecoregion. The southern portion
is in the rain shadow of the Cascade Range and is associated with
warmer and drier Great Basin climatic patterns. While the northern
part of the ecoregion is technically east of the Cascade Range, maritime airflow is funneled through the Columbia River Gorge, resulting in higher precipitation (40–200 cm annually) and less
seasonally varied temperatures (Heyerdahl et al., 2001).
Vegetation in the Blue Mountain ecoregion reflects the complex
elevational, climatic, and disturbance gradients found throughout
the area (Wyatt, 2017). Six vegetation zones (Powell, 2012) and
numerous plant associations (e.g., Johnson and Clausnitzer, 1995)
(Figs. 1–3) have been defined. The lowest elevation plains zone
contains grasslands and shrublands. The foothills zone is usually
dominated by western juniper (Juniperus occidentalis), often with
curl-leaf mountain-mahogany (Cercocarpus ledifolius) and antelope
bitterbrush (Purshia tridentata) shrublands. In the northern Blue
Mountains, the foothills zone generally supports tall shrublands,
often with western serviceberry [Amelanchier alnifolia], black hawthorn [Crataegus douglasii], and western chokecherry [Prunus virginiana]. Located above the western juniper woodlands is the
lower montane zone, containing dry conifer forests with ponderosa
pine (Pinus ponderosa), Douglas-fir (Pseudotsuga menziesii), and

grand fir (Abies grandis). Warm, dry forests at low-mid elevations
are common, with a long history of human use and historical fire
exclusion that have altered species composition, forest structure,
and stand density. Upper montane forests include Douglas-fir,
grand fir, and subalpine fir (Abies lasiocarpa). At high elevation,
dominant species are Engelmann spruce (Picea engelmannii), subalpine fir, and whitebark pine (Pinus albicaulis). An alpine zone is
often present at high elevation where trees are absent.
2. Assessment context
We use (1) paleoecological records, (2) evidence from experimental and observational studies, and (3) model projections to
assess potential climate change effects on future vegetation composition and structure. When different lines of evidence are in conflict, we often rely on autecological and local knowledge and
derived logical inferences to weigh different lines of evidence.
In a study at Mud Lake (one of the Anthony Lakes near the crest
of the Blue Mountains, 2100 m), pollen profiles indicated more
ponderosa pine in approximately the warm mid-Holocene period
(9000–6000 BP before present herinafter BP) as compared the
current composition of lodgepole pine (Pinus contorta var. latifolia),
subalpine fir, and Engelmann spruce (Hansen, 1943). The Holocene
Epoch began 12,000–11,500 years ago at the close of the Paleolithic
Ice Age as the Earth entered a warming trend and the glaciers of
the late Paleolithic retreated. A study at Lost Lake (Umatilla
National Forest on the edge of the Vinegar Hill-Indian Rock Scenic,
870 m), where grand fir, Douglas-fir, western larch (Larix occidentalis), and lodgepole pine have been dominant for the past
7600 years, documented a transition from open woodland to
closed canopy forest near the end of mid-Holocene warming and
the start of cooler, wetter conditions (4000 BP) (Mehringer,
1997). A study in the eastern Cascade Range (700 m) indicated
the development of a pine-oak woodland at 9000 BP at a site currently dominated by ponderosa pine (Whitlock and Bartlein, 1997).
Finally, grassland and shrubland dominated the earliest part of the
record (20,000 BP), transitioning to ponderosa pine (high elevation) and shrub-steppe (low elevation) in the early Holocene, and
mixed conifer forest at higher elevations in the mid-Holocene in
the Blue Mountains (Blinnikov et al., 2002).
Climate-informed models that simulate the effects of climate
change on vegetation include species distribution models (SDM),
process-based models, and landscape models. SDMs correlate current climate and species distributions, then project future suitable
habitat (Kerns et al., 2009). Process models are species specific or
simulate groups of species with similar functional types. Although
the latter do not explicitly include species, they project regionally
specific information by incorporating biological processes (e.g.
competition) (Bachelet et al., 2001). Landscape models simulate
landscape change and processes (e.g., succession, wildfire), and
can be spatial or distributional, including nonspatial state-andtransition models (Kerns et al., 2012).
2.1. Modeling approaches and broad-scale projections
Several types of vegetation models were used to project
conditions to the end of the 21st century for the Blue Mountain
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Fig. 1. Potential vegetation groups (PVGs) for Malheur National Forest. Forest boundaries are proclaimed and PVG data from small inholdings were removed. U = upland;
F = forest; S = shrubland; H = herbland.

Ecoregion, and to identify trends related to climate habitat and
implications for vegetation. We selected species distribution model
output from websites with peer-reviewed citations, using the
‘‘business as usual” emission scenarios (A2, A1FI, RCP 8.5)
(Nakicenovic et al., 2014) (Table 1). We also used the MC2
(Mapps-Century Version 2) process model to simulate response
of plant functional types to climate change at a monthly time step,
including plant physiology, biogeography, water relations, and
wildfire interactions (Kim et al., this issue). Maps of projected
changes in the following sections from SDM and MC2 are from
the sources listed in Table 1 and Kim et al., this issue.

3. Assessing the effects of climate change on vegetation
We used the potential natural vegetation (PNV) concept and an
existing vegetation classification to structure the assessment. PNV
is defined as the plant community that would establish under
existing environmental conditions in the absence of disturbance
and without interference by humans. Potential vegetation groups
for the Malheur, Umatilla, and Wallowa-Whitman National Forests
are shown in Figs. 1–3. Although climate change effects on
vegetation may not be consistent with the PNV concept, similar
biophysical settings that support broad potential vegetation types
will still exist in the future and occupy similar habitats. U.S.
Forest Service management uses classifications that rely on PNV,
and in the Blue Mountains region, they specifically use Potential

Vegetation Groups (PVGs; Powell et al., 2007), similar to plant
functional types in MC2 (Kim et al., this issue).
3.1. Cold upland forest (Cold UF)
Cold upland forests (UFs) occur at mid-high elevations characterized by cold, wet winters and mild, dry summers. Late-seral
stands are dominated by subalpine fir, grand fir, Engelmann
spruce, whitebark pine, and lodgepole pine. Cold UFs are adjoined
by a treeless alpine zone, often separated by a narrow zone of
krummholz trees, and by moist UFs at their lower edge. The Cold
UF understory contains herbs and dwarf shrubs, including grouseberry (Vaccinium scoparium). Areas with steeper slopes or shallower soils support open-canopy stands and herb-dominated
undergrowth, including elk sedge (Carex geyeri), Ross’ sedge (C. rossii), and western needlegrass (Achnatherum occidentale ssp. occidentale). Cold UFs at high elevations often contain whitebark pine.
Cold UFs are energy limited at these high elevations and less
water limited. Limited or moderate warming may lead to a positive
response and increased productivity especially in the short-term,
but more warming in the long-term will cause decreased growth
and most likely type conversion for these forests. A high elevation
site in the Blue Mountains presently at the transition between Cold
UF and Moist UF supported an Agropyron-dominated grassland/
ponderosa pine parkland during early-mid Holocene warming
(Hansen, 1943). Paleoecological evidence suggests Cold UFs may
transition to herbaceous parklands with ponderosa pine, or pon-

36

B.K. Kerns et al. / Climate Services 10 (2018) 33–43

Fig. 2. Potential vegetation groups (PVGs) for Umatilla National Forest. Forest boundaries are proclaimed and PVG data from small inholdings were removed. U = upland;
F = forest; S = shrubland; W = woodlands; H = herbland.

derosa pine may increase under warmer, drier scenarios. Douglasfir woodlands, currently found in southern British Columbia
(Canada) and western Montana, may also be an analog for some
areas in the Blue Mountains. If wetter climates prevail, moist forest
types may move into areas once dominated by Cold UF.
SDMs and MC2 both project that suitable climate available for
most cold UFs will decrease by the end of the 21st century. Because
Cold UFs may be vulnerable to climate change, high-elevation
mountains (e.g., Wallowa Mountains) may serve as refugia for subalpine species. Subalpine fir and Engelmann spruce are often considered susceptible to climate change (Devine et al., 2012),
whereas the generalist life histories of lodgepole pine and western
white pine (Pinus monticola) may make them less susceptible.
However, others consider lodgepole pine more susceptible to climate change (Rehfeldt, 1994; Coops and Waring, 2011).
Historically, large-scale disturbances have been infrequent at
high elevation but can still affect vegetation distribution and
abundance. Smaller disturbances, such as windthrow, are more
common. Rare fires can alter forest vegetation, and tree establishment can require decades to centuries (Little et al., 1994). In the
future, wildfire in subalpine forests may be more common during
long, dry summers. Regeneration requires the concurrence of
uncommon conditions: seed availability, favorable climate, and
favorable microsite conditions (Stueve et al., 2009; Bansal et al.,
2011). Seral whitebark pine could benefit from increased fire occurrence but depend on Clark’s nutcracker (Nucifraga columbiana) for
seed dispersal.

A warmer climate could increase the potential for insect and
disease outbreaks, including non-native balsam woolly adelgid
(Adelges piceae) in subalpine fir, spruce beetle (Dendroctonus
rufipennis) in Engelmann spruce, mountain pine beetle in lodgepole
pine, and larch dwarf mistletoe (Arceuthobium laricis) in western
larch. Whitebark pine is currently declining from non-native white
pine blister rust (Cronartium ribicola) and mountain pine beetles.
Summary: Climate change will produce significant changes in
Cold UFs over time, including altered growth, altered phenology,
and establishment of trees in meadows. However, results from
experimental and observational studies are unclear and even suggest potentially contrary responses. Cold UFs may be converted to
high-elevation herbaceous parklands or woodlands with ponderosa
pine or Douglas-fir under warmer, drier scenarios, although remnant populations may persist at high elevations. Increased wildfire
may constrain tree regeneration in these slow-growing systems.
3.2. Cold upland shrub (Cold US)
Cold upland shrublands (US), occur on exposed sites, rocky substrates, and cold air drainages at mid-high elevations. Typical species include Sitka alder (Alnus viridis ssp. sinuata), mountain big
sagebrush (Artemisia tridentata ssp. vaseyana), and shrubby cinquefoil (Dasiphora fruticosa).
SDM results for sagebrush project complete loss of habitat for
this species in the future. MC2 results also suggest a large loss of
habitat that would support Cold US species. In contrast, the
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Fig. 3. Potential vegetation groups (PVGs) for Wallowa-Whitman National Forest. Forest boundaries are proclaimed and PVG data from small inholdings were removed.
U = upland; F = forest; S = shrubland; W = woodlands; H = herbland.

Table 1
Summary of model output and scenarios examined. CGCM and Hadley were the common global climate models (GCMs) among the output available. Data were accessed February
– July 2014.
Model name

Scenario/GCM

End of century

Citation

Link

3-PG (hybrid)
ForeCASTS

A2 CGCM2
A1(A1FI) HADCM3 no
elevation
HADGEM and
Composite-AR5
A2/CGCM3 and
A2/Hadley

2080
2100

Coops and Waring (2011)
Hargrove and Hoffman (2005)

2170 – 2100

McKenney et al. (2011)

http://www.pnwspecieschange.info/index.html
http://www.geobabble.org/hnw/global/treeranges3/
climate_change/atlas.html
http://planthardiness.gc.ca/ph_futurehabitat.pl?lang=en

2090

Rehfeldt et al. (2006)

http://forest.moscowfsl.wsu.edu/climate/species/index.php

Plant hardiness
Plant species and climate
profile projections

Biome-BGC model projects increased productivity in eastern Oregon shrublands after 2030, including areas currently occupied by
sagebrush (Reeves et al., 2014). Paleoecological studies suggest
an increase in sagebrush during warmer conditions in the earlymid Holocene, providing a context for interpretation of modeling
studies.
Large-scale disturbances are infrequent in subalpine and alpine
systems, but can affect vegetation distribution and abundance.
Deep snowpacks produce a short fire season, and spatial discontinuities can inhibit fire spread (Agee, 1993). In the future, wildfires
in subalpine systems may be more common, and shrub species
may be able to regenerate faster than subalpine trees. Sitka alder
and shrubby cinquefoil can survive moderate intensity fires and
resprout vigorously. However, mountain big sagebrush is readily
killed by fire and requires at least 15 years to recover.

Summary: Climate change is likely to produce changes in Cold
USs over time, including altered plant growth and phenology.
Although modeling data suggest that sagebrush may be vulnerable
to climate change, paleoecological evidence does not support this
inference. Warming at higher elevations and a longer growing season may increase productivity in Cold US, and increased fire activity in subalpine environments may favor establishment of shrubs
over trees, although recovery times may be long.
3.3. Cold upland herblands (Cold UH)
Cold upland herblands (UH), typically called subalpine and
alpine meadows, are found at high elevations where temperatures
are too cold or snow is too persistent for tree growth. Plant communities are grasslands with greenleaf fescue (Festuca viridula),
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Idaho fescue (F. idahoensis), elk sedge, and Hood’s sedge (Carex
hoodii). Many of these grasslands have been degraded from livestock and elk grazing, with loss of vegetation cover causing soil
erosion and decreased plant productivity (Johnson, 2003).
Snowpack melting and subsequent soil heating can influence
flowering, growth phenology, and vegetation community patterns
in alpine meadows (Dunne et al., 2003; Inouye, 2008). Subalpine
conifers are infilling alpine tundra and meadows in the Pacific
Northwest, a trend related to periods of warmer climate and less
snow (e.g., Rochefort and Peterson, 1996). Tree establishment in
meadows has been documented in the Wallowa and Elkhorn
Mountains, aided by heavy grazing in some locations.
The effects of climate change on individual herbaceous meadow
species have not been modeled, although model results generally
indicate loss of subalpine and alpine habitat. Large-scale disturbances are infrequent in subalpine and alpine systems, so if wildfire increases, herbaceous species may be able to regenerate
faster than shrubs and trees. Many species in Cold UHs are fire survivors that sprout or sucker from belowground organs.
Summary: Considerable uncertainty exists about the future
spatial extent of subalpine and alpine meadows. Continued warming in future decades could cause the geographic range of grass and
forbs to contract, expand, or remain the same. However, multiple
lines of evidence suggest that contraction may be more likely than
expansion, and that meadows may continue to experience tree
encroachment. Trends will probably depend on the rates at which
meadow species colonize exposed soil following disturbance.
3.4. Moist upland forest (Moist UF)
Moist UFs occur at moderate elevations or at low elevations in
the subalpine zone. Late-seral stands are dominated by subalpine
fir, grand fir, or Douglas-fir; lodgepole pine or western larch
are early-seral species, and Douglas-fir and western white pine
are mid seral. These forests have closed forest structure and high
understory diversity, including queencup beadlily (Clintonia
uniflora), twinflower (Linnaea borealis), and western swordfern
(Polystichum munitum).
Moist UFs are probably energy limited at higher elevation and
water limited at lower elevation. Moderate warming may lead to
a positive response and increased productivity at high elevation,
whereas increased drought at lower elevations will probably cause
decreased growth. Suitable climate habitat currently occupied by
Cold UFs (at higher elevation) may offset losses of species typical
in Moist UFs. Paleoecological evidence shows that during earlymid Holocene warming, areas that are currently Moist UF were
forested, supporting ponderosa pine/grassland parkland, and areas
currently dominated by grand fir and Douglas-fir were dominated
by ponderosa pine.
SDMs project that suitable climate for most tree species in
Moist UF will be reduced by 2100, particularly in the southern Blue
Mountains, although some models project only minor loss of
Douglas-fir. MC2 projects small to moderate increases in this forest
type, particularly in the northern Blue Mountains, and no MC2 scenario projects a decrease, probably because all scenarios include a
precipitation increase. Because MC2 simulates vegetation processes, we believe that its projections are more robust than in
SDMs, and that a large loss of Moist UF is unlikely during the
21st century.
Moist UFs generally support mixed-severity fire regimes,
although low-severity and high-severity regimes also occur
(Stine et al., 2014). The primary effect of severe fire is to reduce
standing biomass rather than change forest composition. Warmer
temperatures could increase stress from insects, including western
spruce budworm (Choristoneura occidentalis), Douglas-fir tussock
moth (Orgyia pseudotsugata), Douglas-fir beetle (Dendroctonus

pseudotsugae), mountain pine beetle, and Douglas-fir dwarf mistletoe (Arceuthobium douglasii) (Kerns et al., 2017). Moist UFs that
have not burned recently have high stand densities, are dominated
by fire intolerant tree species and have high fuel loading, creating
the potential for high-intensity wildfires. High stand densities also
increase competition for water and nutrients, making forests susceptible to insect outbreaks.
Summary: Paleoecological and SDM evidence suggests that climate change will cause significant loss of Moist UFs, although MC2
model results suggest the opposite. If future warming is accompanied by higher precipitation, then Moist UFs may persist across the
landscape. These forests may expand into new habitats or transition to variants of this group that are more resilient to a warmer
climate. However, increased summer drought may make these forests more vulnerable to other stressors, particularly at lower
elevations.

3.5. Dry upland forest (Dry UF)
Dry UFs generally occur at low to moderate elevations with
warm, dry summers and most precipitation falling as snow in winter and rain in spring. Late-seral stands are dominated by ponderosa pine, grand fir, or Douglas-fir; ponderosa pine and
Douglas-fir also function as early-mid seral species (Fig. 4). Western juniper is expanding in Dry UFs as a result of fire exclusion
and perhaps a warmer climate, moving upward from foothills
woodlands (Knapp and Soulé, 1998; Miller et al., 2005). Dry UFs
are adjoined by Moist UFs at their upper edge, and by woodlands
and shrublands at their lower edge.
Warm, dry forests are the most common forest zone in the Blue
Mountains, and they have a long history of human use for
commodity purposes (livestock grazing, timber production).
Fire exclusion has altered species composition, forest structure,
and stand densities. Common understory species include graminoids and mid-height shrubs, including elk sedge, pinegrass
(Calamagrostis rubescens), white spirea (Spiraea betulifolia),
snowberry (Symphoricarpos spp.), antelope bitterbrush and curlleaf mountain-mahogany. Mountain big sagebrush, bluebunch
wheatgrass (Pseudoroegneria spicata), and western juniper are
common in dry sites.
Dry UFs are water limited, and productivity is projected to
decline in a warmer climate (Latta et al., 2010), particularly near
the forest-steppe ecotone. Most Douglas-fir forests in the Pacific
Northwest are water limited, and water limitation will increase
in a warmer climate (Littell et al., 2008). Ponderosa pine growth
is more sensitive to changes in water balance than to temperature
(Kusnierczyk and Ettl, 2002), and it may adapt to increased
drought stress by allocating more biomass to sapwood, reducing
risks of hydraulic failure (Callaway et al., 1994). Reduced forest
productivity could be partially offset if carbon dioxide fertilization
increases water-use efficiency (Neilson et al., 2005).
Ponderosa pine was abundant during periods of climatic variation in the past (Whitlock, 1992), with an increase during the midHolocene at a site currently dominated by subalpine species
(Hansen, 1943). Phytolith data also indicate that ponderosa pine
was located at a higher elevation than today. Therefore, paleoecological evidence suggests that Dry UFs may persist, but will be
located farther north and at higher elevations.
SDMs suggest that climate habitat for ponderosa pine and
Douglas-fir will decrease greatly, particularly in the southern Blue
Mountains. MC2 output suggests that temperate needleleaf forest
(comparable to Dry UF) will decrease in relative abundance on
the landscape. In summary, model output suggests that Dry UFs
may decrease somewhat, although model output disagrees about
the magnitude of change.
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Fig. 4. Dry Upland Forest, shown here in Malheur National Forest, is common throughout the Blue Mountains and is dominated by ponderosa pine, Douglas-fir, and grand fir.
(Photo by U.S. Forest Service).

Dry UFs were historically dominated by ponderosa pine because
it is well-adapted to low-severity fire (Agee, 1996). Heyerdahl et al.
(2001) noted that within the same plant association, fires were
more than twice as frequent in the southern Blue Mountains compared to the north. Current stand structure, species composition,
and fuel accumulation in Dry UFs create high fire risk and
increased susceptibility to some insects. Grand fir is abundant in
these forests as a result of fire exclusion, timber harvest, and historical overgrazing (Hessburg et al., 2005). Thinning and prescribed
fire are often used to reduce fuels, reduce stand densities, and alter
stand composition (Kerns et al., 2006).
Longer summer droughts will potentially increase fire frequency in Dry UFs and may increase the risk of high-intensity wildfires. Large and severe wildfires may become the norm in these
forest types, perhaps facilitating conversion to shrublands or grasslands, a trend that is supported by MC2 output. A warmer climate
could increase the potential for insect outbreaks, including western
spruce budworm, Douglas-fir tussock moth, and bark beetles (Dendroctonus spp.). Pine white butterfly (Neophasia menapia) is also
important in ponderosa pine as evidenced by a recent outbreak
in the Blue Mountains (Kerns and Westlind, 2013).
Summary: Some Dry UFs may undergo significant changes in a
warmer climate. Many forests are already experiencing severe and
uncharacteristic wildfire, as well as uncharacteristic insect outbreaks, phenomena that will probably increase in the future. Vegetation in the warmest driest sites will probably shift to woodland
or steppe vegetation over time. Although some model output suggests that Douglas-fir and ponderosa pine may decrease, paleoecological evidence suggests that ponderosa pine was able to adapt to
warmer climate by migrating north or up in elevation. We believe

that this forest type will persist in the landscape, although shifts in
distribution and abundance of different plant species may occur.
3.6. Dry and Moist upland woodland (Dry and Moist UW)
Upland woodlands (UW) in the Blue Mountains occupy the
transition zone between shrublands at lower elevation and Dry
UFs at higher elevation, occupying the driest of the treedominated zones. Summers are hot and very dry, and winters are
cold and relatively wet. Precipitation in western juniper savannas
and woodlands ranges from 13 to 75 cm yr 1 (most sites 25–50
cm yr 1) (Gedney et al., 1999), with most precipitation as rain or
snow in winter. Western juniper is dominant in all UW locations.
Moist UW is characterized by understory shrubs such as mountain
big sagebrush, curl-leaf mountain-mahogany, antelope bitterbrush, and grasses. Dry UW is characterized by understory species
such as bluebunch wheatgrass, low sagebrush (Artemisia arbuscula), and scabland sagebrush (A. rigida).
Western juniper has expanded its range in the interior Pacific
Northwest during the past 130 years, increasing densities in savannas and woodlands that were formerly shrub-steppe and grassland
(Miller et al., 2000), with greater than 90% of its current distribution of 3.2 million ha developing in the past 100 years (Gedney
et al., 1999). Much of this expansion is attributed to heavy livestock grazing and reduced fire occurrence, but woodland expansion may have started between 1850 and 1870 during wet, mild
conditions (Miller et al., 2005).
Western juniper may benefit from elevated atmospheric carbon
dioxide if it increases water use efficiency, which could promote
increased growth (Knapp et al., 2001) or reduce drought stress.
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Juniper growth is driven by soil moisture availability (Knutson and
Pyke, 2008), with high sensitivity to drought at lower elevations
and on steep, slopes. Cold winter temperatures can reduce photosynthesis in juniper woodlands (Runyon et al., 1994).
Juniper woodlands may increase in abundance if winter precipitation increases, although this could be counteracted by higher
summer temperatures. Areas with high juniper densities, and
therefore high stress, may be particularly vulnerable to low soil
moisture. If precipitation intensity increases, water may reach deeper in the soil profile, and juniper and other woody plants may have
better access to soil moisture than grasses and herbs, facilitating
continued woodland encroachment (Kulmatiski and Beard, 2013).
The abundance and distribution of western juniper have fluctuated since its arrival in central and eastern Oregon (ca. 6,600–4800
BP) (Miller et al., 2005). Dry periods have caused regional declines,
whereas wetter periods have caused expansion. Paleoecological
evidence suggests that juniper woodlands may increase if future
climate includes higher winter temperatures and higher precipitation (e.g., Moist UWs). A warm, dry scenario may decrease juniper
abundance, although some species in Dry UWs may be better
adapted to these conditions.
SDMs indicate that climate habitat for western juniper, curl-leaf
mountain-mahogany, and big sagebrush will be almost nonexistent by the end of the 21st century. However, MC2 output shows
that temperate needleleaf woodlands will increase for most scenarios. The MC2 model is taking into account the longer growing

seasons and more wet-growing degree-days, which creates more
productivity. In contrast, the SDM output may simply reflect the
emergence of climates not found in the ecoregion right now. One
of the limitations of empirical or statistical based SDMs is that
novel climates are typically interpreted as unsuitable for species
and this assumption may not be valid (Littell et al., 2008). Process
models are generally more robust in their theoretical capability to
extrapolate into non-analog conditions given their basis in known
mechanisms and (Coops and Waring, 2011, Thuiller, 2007).
Historical fire regimes are not well described for juniper savannas and woodlands in Oregon (Agee, 1993). Although young junipers are easily killed by wildfire, older trees often avoid injury
and mortality from fire (Agee, 1993). Fire return intervals in juniper woodlands vary from 15 years to greater than 100 years, suggesting a mixed-severity fire regime (Agee, 1993; Miller and
Rose, 1999; Miller et al., 2005). Because these woodlands are fuel
limited, climate change effects will depend on soil water availability and understory plant productivity. Many Dry UWs have been
subject to livestock grazing for over a century, and some are still
used for grazing, with many sites containing non-native annual
grasses that contribute to fine fuels. Non-native annual grasses
have increased the potential for fires by providing a continuous,
dry fuel source and lengthening the fire season (Paysen et al.,
2000).
Summary: Higher summer temperatures will probably have
negative effects on productivity and abundance of Dry UWs at

Fig. 5. Cheatgrass invasion in a ponderosa pine stand in Malheur National Forest following a prescribed fire that caused substantial overstory mortality. (Photo by Becky
Kerns).
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lower elevations. However, these woodlands will probably persist
across the landscape, perhaps with some redistribution, because
they are drought tolerant and may be able to regenerate in areas
currently occupied by Dry UFs. Spatial extent of juniper could
increase if precipitation increases, although increased fire frequency could counteract this expansion by converting some woodlands to grass, exotic annual grasslands, and shrubs (Fig. 5).
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extent of ecosystems adapted to arid conditions. However, as wildfires increase, conversion to non-native annual grasslands may
occur in some areas. Increased fire activity increases susceptibility
to non-native annual grass invasion, and perpetuates a cycle of
positive feedbacks between increased invasion and frequent fire
(D’Antonio and Vitousek, 1992).
3.8. Moist and Dry upland herbland (Moist and Dry UH)

3.7. Dry and Moist upland shrubland (Dry and Moist US)
Upland shrublands (USs) are uncommon in the Blue Mountains,
occupying the transition zone between woodlands and grasslands,
in some forest openings, and near high-elevation ridgetops.
Characteristic species in Moist US include mountain big sagebrush,
antelope bitterbrush, snowberries, bitter cherry (Prunus emarginata), curl-leaf mountain-mahogany, and cool season (C3) bunchgrasses. Dry USs are dominated by sagebrush species. Climate is
arid to semi-arid with low precipitation, hot summers, and cold
winters.
Soil moisture and winter temperature affect vegetation composition and productivity in US communities, and although winter
precipitation provides water that can be stored in the soil profile
(Schlaepfer et al., 2012), significant soil moisture deficits occur each
summer. Deep rooted shrubs like sagebrush species in Dry US communities are well adapted to cold winters and summer drought
(Bates et al., 2006), conducting photosynthesis during periods of
extreme moisture and heat stress (Depuit and Caldwell, 1975).
High temperature does not appear to directly affect big sagebrush
regeneration due to the broad temperature optimum for regeneration (Schlaepfer et al., 2014). Moist USs may be vulnerable to
increasing drought, particularly at the lower ectone. Paleoecological evidence for the Blue Mountains indicates that sagebrush has
increased with warming, with the shrub-steppe boundary at higher
elevations during the warmer early-mid Holocene.
SDMs project loss of habitat for big sagebrush, curl-leaf
mountain-mahogany, and antelope bitterbrush, whereas other
models project that sagebrush distribution may decrease in the
southern part of the Blue Mountains, but increase in the northern
parts and at high elevation (Schlaepfer et al., 2012). Simulation
results from a process model (under 2070–2099 CMIP5 climate scenarios) concur with expectations of increased sagebrush at its upper
ecotone and decreased regeneration at its lower ecotone. MC2 projects that temperate (C3) shrublands will decrease, but that xeromorphic (C4) shrublands will increase. It is unclear if C4 grasses
will increase without adequate summer precipitation, but species
like sagebrush will probably exclude species intolerant of drought.
Fire return intervals vary greatly among different US communities, ranging from 10-25 years in big sagebrush/Idaho fescue
(Miller et al., 2005) to 50–70 years in Wyoming big sagebrush
and low sagebrush, with some studies reporting as much as
150 years (Miller and Rose, 1999). Charcoal records indicate that
sagebrush densities and fire frequencies were higher during wet
periods (decades to centuries) and lower during dry periods
(Mensing et al., 2006). Recovery of fire-sensitive big sagebrush,
antelope bitterbrush and curl-leaf mountain-mahogany can
require 10–50 years, with establishment from soil seed banks controlling recovery time (Ziegenhagen and Miller, 2009). Dry USs, are
prone to invasion by non-native annual grasses such as cheatgrass
and medusahead (Taeniatherum caput-medusae) (Fig. 5).
Summery: Paleoecological data suggest that sagebrush was
abundant during warm periods in the past. The shrub-steppe
boundary was located higher in elevation in the early-mid Holocene (warmer, drier), and evidence regarding shifts in sagebrush
distribution and regeneration support this expectation. Output
from MC2 projects that xeromorphic shrublands will increase significantly, and that a warmer climate would result in a greater

Dry upland herbland (UH) is generally more common than
Moist UH in the Blue Mountains. Climate is arid to semi-arid with
low precipitation, hot summers, and cold winters. Most precipitation occurs as rain and snow in winter and spring. Consisting of
grasslands and herbaceous vegetation, species composition varies
depending primarily on temperature, precipitation, soil texture,
and soil depth (Bates et al., 2006; Schlaepfer et al., 2012). Dry
UHs are dominated by bluebunch wheatgrass and Sandberg bluegrass (Poa secunda), and Moist UHs are characterized by Idaho fescue and bluebunch wheatgrass.
Vegetation in Moist and Dry UHs is generally well-adapted to
cold winter temperatures and summer drought, with grasses
avoiding drought stress by concentrating growth in the spring
and early summer (Comstock and Ehleringer, 1992). In a warmer
climate, grasslands at lower elevation may have increasing dominance by the most drought tolerant species (Blinnikov et al.,
2002). Little information is available for individual grassland species, although Reeves et al. (2014) project that net primary productivity will increase in eastern Oregon grasslands in a warmer
climate. MC2 projects that distribution of C3 grasslands will
decrease, and that warm season (C4) grasslands will increase. In
this case, expansion of C4 grasses is based on higher temperature,
and C4 grasses would need more summer precipitation to survive;
most GCMs project drier summers. A potential shift from C3 to C4
grassland species is uncertain, whereas a shift to drought tolerant
species is likely.
In the Blue Mountains, UHs have been greatly affected by livestock grazing, non-native species, and agriculture, starting in the
mid 1800s. Settlers also introduced non-native grasses, including
cheatgrass, most of which were less palatable for cattle forage,
leading to heavily grazed native vegetation and increased nonnatives. Large areas formerly dominated by grasslands were converted to annual crops.
Wildfire occurrence is limited by lack of ignitions in summer or
by lack of continuous fuels, although cold-season bunchgrass communities often have sufficient fuels to propagate fire. Many bunchgrass species resprout following wildfire and can recover to prefire productivity within five years; fire return intervals of less than
five years are rare. In some places, introductions of non-native
cheatgrass, medusahead, and North Africa grass (Ventenata dubia)
produce fine fuels that support burning at frequencies greater than
can be tolerated by native perennial grasses.
Summary: Moist and dry UHs may be increasingly dominated
by drought tolerant species, particularly at lower elevations and
arid sites. Non-native annual grasses are also expected to increase.
Increased temperatures and wildfire will probably facilitate greater
dominance of grasslands, particularly where woody species cannot
survive.
4. Conclusions
In a warmer climate in the Blue Mountain Ecoregion, the following may occur by the end of the 21st century:
 Increase in ponderosa pine and sagebrush species.
 Movement upward in latitude and elevation of the foreststeppe ecotone.
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 Ponderosa pine spread into higher elevations.
 Decline of subalpine and alpine communities, with subalpine
trees potentially being replaced by grassland species, pine,
and Douglas-fir.
 Increase in moist forest types under wetter futures.
 The distribution and abundance of juniper woodlands, which
have been increasing in recent decades, may decrease if the frequency and extent of wildfire increases.
 Increase in grassland and shrubland dominated plant communities at lower elevations, shifting dominance to highly drought
tolerant species.
 Increase in the distribution and abundance of non-native species, especially annual grasses.
Although we are confident about most of these projected
trends, considerable uncertainty exists about the spatial and temporal patterns of vegetation change in a warmer climate. In general, species with physiological and phenological traits that allow
them to tolerate frequent wildfire and compete effectively in
altered environments will be more dominant in the future. We
note projections for changes in temperature are considerably more
certain than projections in precipitation. In addition, we caution
that the MC2 does not mechanistically incorporate very well the
potential negative effects of summer drought stress (Kim et al.,
in review). Therefore, some of the changes that we suggest, such
as the increase in moist forest types under wetter futures, are
highly uncertain. Other changes that are more temperature dependent, such as the decline of subalpine and alpine communities,
have more certainty.
Tree growth in energy-limited portions of the landscape (high
elevations, north aspects) may increase as the climate warms and
snowpack decreases, whereas tree growth in water-limited portions of the landscape (low elevations, south aspects) will probably
decrease. Some species may respond positively to higher concentrations of ambient carbon dioxide as a result of increased wateruse efficiency, although this ‘‘fertilization” effect may diminish as
other factors become limiting.
Ecological disturbances, which are expected to increase in a
warmer climate, will affect species distribution, tree age, and vegetative structure, facilitating transitions to new combinations of
species and vegetation patterns. Mountain pine beetle may be particularly important in lodgepole pine and ponderosa pine forests,
and western spruce budworm and Douglas-fir tussock moth may
also increase the frequency of their periodic outbreaks. Annual area
burned by wildfire is expected to increase substantially, and fire
seasons will probably lengthen. In dry forests where fire has not
occurred for several decades, crown fires may result in high tree
mortality. In addition, the interaction of multiple disturbances
and stressors will create or exacerbate stress complexes.
Throughout this process, we noted that in some cases, multiple
lines of evidence may be in stark contrast and some evidence may
be viewed skeptically. For example, some process model output
may appear counterintuitive because it accounts for mechanisms
and interactions that expert and other lines of empirical evidence
(e.g. SDM models) fail to account for (e.g. increases in Moist Upland
Forest types). We also noted that qualitative inference regarding
climate change is often based on the notion that only one type of
future is likely. In the western US, much emphasis on vegetation
response to climate change has been in light of increased drought
stress due to warmer and drier conditions. Yet the GCMs that perform best in the Pacific Northwest actually simulate a warmer and
wetter future (Rupp et al., 2013), including wetter growing seasons, particularly when nonstationary growing season definitions
are evaluated (Kim et al., in review). Although we are cautious
about how much weight we give to simulated outcomes (whether
surprising or not), because of the novel nature of future climates, it

is important to use surprising and unanticipated outcomes as
points of discussion and explore mechanisms that might drive
these outcomes.
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Riparian areas, wetlands, and groundwater-dependent ecosystems, which are found at all elevations throughout
the Blue Mountains, comprise a small portion of the landscape but have high conservation value because they
provide habitat for diverse ﬂora and fauna. The eﬀects of climate change on these special habitats may be
especially profound, due to altered snowpack and hydrologic regimes predicted to occur in the near future. The
functionality of many riparian areas is currently compromised by water diversions and livestock grazing, which
reduces their resilience to additional stresses that a warmer climate may bring. Areas associated with springs and
small streams will probably experience near-term changes, and some riparian areas and wetlands may decrease
in size over time. A warmer climate and reduced soil moisture could lead to a transition from riparian hardwood
species to more drought tolerant conifers and shrubs. Increased frequency and spatial extent of wildﬁre
spreading from upland forests could also aﬀect riparian species composition. The speciﬁc eﬀects of climate
change will vary, depending on local hydrology (especially groundwater), topography, streamside microclimates, and current conditions and land use.

Practical Implications
Riparian areas, wetlands, and groundwater-dependent ecosystems have enormous conservation value throughout western North America. These special habitats are typically biodiversity hotspots for both plants and animals. They also play
a signiﬁcant role in maintaining functional hydrologic regimes
in watersheds and providing cool water for spawning and
rearing of salmonid ﬁsh species.
Resource managers at national forests in the Blue
Mountains (northeast Oregon and southeast Washington,
USA) are mandated to protect riparian areas and retain their
functionality. Riparian areas have been degraded by livestock
grazing, water diversions, and other land uses over many
decades. Although restoration of riparian areas is a priority for
federal managers, competition among diﬀerent users creates a
complex social and political environment.
The added stress of climate change makes riparian and
wetland restoration and conservation even more challenging.
Some smaller habitats (e.g., near springs and streams) could

⁎

disappear, whereas larger habitats, especially those with a
good groundwater supply, may be more resilient to a warmer
climate. Most riparian and wetland ecosystems will experience some degree of increased stress in a warmer climate,
including the indirect eﬀects of increasing wildﬁre and nonnative species. Some changes may occur gradually and others
may occur episodically (e.g., following wildﬁre). Long-term
monitoring is needed to detect where, when, and how climate
change eﬀects occur.
Riparian areas, wetlands, and groundwater-dependent
ecosystems have been classiﬁed and mapped throughout the
Blue Mountains, an important ﬁrst step for conservation and
restoration. Impacts from land-use practices have been quantiﬁed in some locations, providing a benchmark for systems
that are currently compromised. Our assessment of climate
change impact and vulnerability can be used to develop restoration priorities and to identify those aquatic ecosystems
that could experience the most stress from a warmer climate
and altered hydrologic regimes. Maintaining a reasonable degree of hydrologic functionality and minimizing impacts from
land use will contribute to building and sustaining resilience.
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1. Introduction

whose extent and life processes depend on access to or discharge of
groundwater (Springer and Stevens, 2009; USFS, 2012a,b). Many wetlands, lakes, streams, and rivers receive inﬂow from groundwater,
which can contribute substantially to maintenance of water levels, as
well as water temperature and chemistry required by native biota
(Lawrence et al., 2014). In the Blue Mountains, GDEs include springs,
high-elevation lakes, fens, streams, rivers (Brown et al., 2009, 2010),
and riparian wetlands along gaining river reaches. Fens are peat-accumulating wetlands that are largely supported by groundwater (thus,
GDEs). Groundwater is important to most watersheds in northeastern
Oregon (Gannett, 1984; Brown et al., 2009).

In the Blue Mountains, climate change will likely have signiﬁcant,
long-term implications for freshwater resources and associated vegetation. Climate change is expected to cause a transition from snow to
rain, resulting in diminished snowpack and shifts in streamﬂow to
earlier in the season (Leibowitz et al., 2014). Additional eﬀects include
more extreme high streamﬂows, more extreme low streamﬂows, reduced groundwater recharge, and altered nutrient dynamics and other
ecosystem functions (Johnson et al., 2012; Raymondi et al., 2013).
Increasing air temperatures contribute to shifts in precipitation and
stream runoﬀ patterns, and also inﬂuence ﬁre frequency and severity
(Schoennagel et al. 2017), and the duration of the ﬁre season. Another
consequence of warming temperatures is the higher frequency and severity of droughts, which have increased the susceptibility of plant
species to pathogens and insect pests, leading to regional tree die-oﬀs
(Breshears et al., 2005) and changes in the distribution of vegetation.
Here, we describe the potential eﬀects of climate change on riparian
areas, wetlands, and groundwater-dependent ecosystems (GDEs) in the
Malheur, Umatilla, and Wallowa-Whitman National Forests. We deﬁne
riparian areas, wetlands, and GDEs, highlighting the considerable
overlap among these ecosystems, then brieﬂy describe the current
condition, land use impacts, and range of plant communities that occur
in these habitats. We describe potential climate-inﬂuenced changes for
diﬀerent vegetation assemblages, and emphasize that there is considerable uncertainty about rates and direction of change, depending on
physical and biological conditions and land use eﬀects.

3. Methods
To assess current condition of riparian areas and wetlands in the
Blue Mountains, we reviewed the regional literature for documented
impacts of past land use on seven broad riparian/wetland plant community types, and utilized information from theses, government reports
and scientiﬁc journal articles. We also analyzed riparian vegetation
data collected through the interagency program, PACFISH INFISH
Biological Opinion Eﬀectiveness Monitoring (PIBO; http://fsweb.r4.fs.
fed.us/unit/nr/pibo/index.shtml), which monitors biological and physical components of aquatic and riparian habitats throughout the
Columbia River Basin (Meredith et al., 2011; Archer et al., 2012). For
191 sites in the Blue Mountains, we assessed riparian vegetation
changes in total plant cover, woody cover, and non-native species cover
(2007–2011), and compared data from reference and managed sites
(Coles-Ritchie et al., 2007). To evaluate current distribution of wetlands
in the Blue Mountains, we summarized information from the Oregon
Wetlands
Geodatabase
(http://oregonexplorer.info/wetlands/
DataCollections/GeospatialData_Wetlands) (Figs. 1–3).
To assess the current condition of GDEs, we utilized data compiled
by The Nature Conservancy (Brown et al., 2010), the National Hydrology Dataset (http://nhd.usgs.gov), and the Oregon Wetlands
Geodatabase. In addition, we summarized existing inventory data;
since 2008, 133 GDEs, mostly springs, have been characterized in Blue
Mountains’ national forests, using the GDE Inventory Field Guide
(USFS, 2012a). As part of this protocol, information on management
indicators is recorded to assist in identifying concerns and needs for
management action. We assessed three indicators: aquifer functionality, soil integrity, and vegetation composition. In the Malheur and
Wallowa-Whitman National Forests, GDE inventories targeted sites
where proposals for water development could be damaging, whereas
inventories in the Umatilla National Forest targeted portions of
grazing allotments and watersheds with speciﬁc management concerns.
To describe the potential eﬀects of climate change on riparian areas
and wetlands in the Blue Mountains, we utilized published research that
examined responses of riparian and wetland characteristics to drought
and hydrologic alteration, primarily dams and diversions, focusing on
studies conducted in the western USA. We also considered local
knowledge from resource managers and stakeholders—summarized
during a series of meetings on climate change adaptation—who have
observed changes to speciﬁc resources, such as aspen and cottonwood
stands over recent decades. For potential eﬀects of climate change on
GDEs, we summarized regional predictions of vulnerability (Brown
et al., 2009, 2010) and relied on published, scientiﬁc literature. For
these resources, there is considerable uncertainty in our projections,
however, because empirical data are lacking on speciﬁc mechanisms
through which climate change will inﬂuence riparian and wetland plant
communities.

2. Deﬁnitions
Riparian areas are zones of direct physical and biotic interactions
between terrestrial and aquatic ecosystems (Gregory et al., 1991), and
include the continuum from headwaters to the mouths of streams and
rivers, the vertical dimension that extends upward into the vegetation
canopy and downward into subsurface interactions, and the lateral
dimension that extends to the limits of ﬂooding on either side of a
stream (Stanford and Ward, 1993).
In the Blue Mountains, riparian ecosystems occur across a broad
range of climatic conditions, and geomorphic and physical features at
all elevations (Crowe and Clausnitzer, 1997; Johnson, 2004; Wells,
2006). Stream sizes, landforms, valley widths, and hydrologic regimes
determine the biotic communities that occur along streams. Riparian
areas, wetlands, and intermittent streams are included within Riparian
Habitat Conservation Areas (RHCAs), which specify minimum buﬀers
from each side of the stream channel edge: intermittent streams (15 m),
wetlands and non-ﬁsh-bearing perennial streams (46 m), and ﬁshbearing streams (91 m). Active management within buﬀers must
comply with riparian management objectives designed to improve habitat conditions for ﬁsh species.
Wetlands are ecosystems inundated or saturated by surface water or
groundwater at a frequency and duration suﬃcient to support vegetation typically adapted for life in saturated soil (FICWD, 1989). Wetlands
can be diverse physically and biologically, varying in duration, seasonality, and depth of inundation and soil saturation. In the Blue
Mountains, the dominant wetland types are palustrine, lacustrine, and
riverine (Cowardin et al., 1979; Figs.1–3). Palustrine wetlands are
freshwater ecosystems that include marshes, wet meadows, and
forested wetlands. Lacustrine wetlands border lake shores. Riverine
wetlands occur along stream channels. Most riparian areas are categorized as riverine wetlands, and all wetland and riparian areas in
national forests in the Blue Mountains are managed as RHCAs.
Groundwater-dependent ecosystems (GDEs) are biotic communities
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Fig. 1. Wetlands in Malheur National Forest. Source: Oregon Wetlands Geodatabase.

Fig. 2. Wetlands in the Oregon portion of Umatilla National Forest. Source: Oregon Wetlands Geodatabase.
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Fig. 3. Wetlands in Wallowa-Whitman National Forest. Source: Oregon Wetlands Geodatabase.

4. Results and discussion

wide valley bottoms at low-mid elevations were settled and used widely
for livestock production, due to availability of productive forage and
proximity to water (Dwire et al., 1999). Decline of cottonwood and
willows (Salix spp.) has been attributed primarily to livestock grazing
(McIntosh et al., 1994; Beschta and Ripple, 2005), including conversion
to pastures by modifying stream channels, removing woody species,
and planting with non-native grasses. Wood cutting and hydrologic
modiﬁcation of streams for agriculture and irrigation have also reduced
the abundance of hardwood species in riparian areas. Streamﬂow alterations and livestock grazing may have contributed to low recruitment of cottonwoods (Beschta and Ripple, 2005) (Table 1).
Willow-dominated riparian areas are most extensive at low-mid elevations. Willows provide shade and organic matter for streams, bank
stability, sediment retention, and habitat for many vertebrate species
(Kauﬀman et al., 2001). At least seven species of willows are found in
the Blue Mountains (Crowe and Clausnitzer, 1997). Historical removal
of American beaver (Castor canadensis) contributed to reduction of
willow-dominated riparian areas (McAllister, 2008), and functioning
beaver dams are still infrequent in the Blue Mountains (Swanson et al.,
2010). Willow-dominated riparian areas have been heavily aﬀected by
livestock grazing and elk (Cervus elaphus) browsing ((Brookshire et al.,
2002). Flow alteration has altered species composition downstream of
water diversions (Caskey et al., 2014).
Other woody-dominated riparian areas (deciduous shrubs and trees)
comprise ﬂoristically diverse communities throughout the Blue
Mountains, including those dominated by water birch (Betula occidentalis), four species of alder (Alnus spp.), and a wide range of shrub
species. Some woody plant communities are the result of hydrologic
modiﬁcation that has converted willow-dominated areas to communities dominated by shrub species that are more tolerant of low soil
moisture. Woody-dominated riparian areas have also been aﬀected by
livestock grazing, herbivory from native ungulates, and conversion to
pastures and other agricultural uses (Table 1).
Herbaceous-dominated riparian areas occur over a wide elevation

4.1. Current resource conditions
4.1.1. Riparian areas
Conifer-dominated riparian areas, which occur at high to moderate
elevations along ﬁrst- and second-order streams and in conﬁned valley
bottoms are valued for maintenance of riparian microclimates, wildlife
habitat, and sources of large instream wood (Powell et al., 2007).
Dominant species include subalpine ﬁr (Abies lasiocarpa), Engelmann
spruce (Picea engelmannii), and lodgepole pine (Pinus contorta var. latifolia). “Warm riparian forests” can include Douglas-ﬁr (Pseudotsuga
menziesii), grand ﬁr (Abies grandis), or western white pine (Pinus monticola). These vegetation types have been aﬀected by past forest harvest,
mining, grazing, road building, ﬁre exclusion, and invasive species
(Wickman, 1992; Parks et al. 2005) (Table 1). Natural disturbances
include wildﬁre, forest insects, fungal pathogens, landslides, and debris
ﬂows (Luce et al., 2012).
Riparian and wetland aspen plant communities are uncommon and
small (usually < 1 hectare in size), but provide valued habitat
throughout the Blue Mountains region. Most wetland and riparian
quaking aspen (Populus tremuloides) communities in this area are associated with herbaceous species (Swanson et al., 2010). Aspen communities have been aﬀected by ﬁre suppression and herbivory by livestock
and native ungulates (Bartos and Campbell, 1998; Shinneman et al.,
2013). They are currently threatened by herbivory and conifer encroachment, especially in meadows (Table 1). Many stands are declining, without signs of regeneration, and are susceptible to a broad
range of insects and fungal pathogens (Swanson et al., 2010).
Cottonwood-dominated riparian areas are dominated by black cottonwood (Populus trichocarpa), and occur along diﬀerent valley types in
the Blue Mountains, which range from high-gradient valleys to moderately conﬁned or open, low-gradient valleys (Crowe and Clausnitzer,
1997). In the mid-1800s, cottonwood-dominated riparian areas along
47

Climate Services 10 (2018) 44–52

K.A. Dwire et al.

Table 1
Stressors in riparian and wetland ecosystems (modiﬁed from Theobald et al., 2010).
Stressor

Direct and indirect causes

Potential eﬀects

Systems most aﬀected by climate change

Changes in ﬂow regime
and dewatering

Surface water: dams, diversions, land
use changes, climate change
Groundwater: pumping, land use
change, climate change

Cottonwood, aspen, willow, and herbaceousdominated communities located along lowgradient, wide valley bottoms

Channelization

Bank hardening
Levee construction
Structural changes in channeldeepening
Berm development
Meander cutoﬀ
Removal of woody riparian vegetation

Water stress in vegetation
Shifts in plant species composition Homogenization of
riparian area and simpliﬁcation of biota
Isolation of ﬂoodplain from stream
Altered stream-riparian organic matter exchange and
trophic dynamics
Altered ﬂoodplain biogeochemistry
Altered channel structure
Decreased lateral extent of riparian area
Isolation of ﬂoodplain from stream
Altered ﬂuvial processesAltered hydraulics
(aquatic habitat and channel forms)
Altered ﬂoodplain biogeochemistry

Conversion of ﬂoodplains
to other uses

Invasive species

Altered physical and ecological
processes that facilitate establishment
and spread

Changes in sediment
delivery to channel

Oﬀroad vehicle useRoads
(drainage, gravel application)
Livestock and herbivore trampling
Altered vegetative cover in watershed
and along channel
Direct mechanical eﬀects on channel,
dams, and diversions
Grazing by cattle and wild ungulates

Herbivory

Wildﬁre and fuels, ﬁre
exclusion

Fuel buildup from non-native species
and ﬁre exclusion
Reduced ﬂooding
Slower decomposition

Insects and disease

Fire exclusion and past harvest
activities have resulted in susceptible
stand structure

Elimination of cottonwood, aspen, willow, and
herbaceous communities
Reduced extent of riparian area, thus reducing
ecosystem services
Displacement of native species
Formation of monocultureAltered site characteristics
(e.g., biogeochemistry, soil properties, water balance)
Shifts in community composition
Altered habitat structure
Shifts in channel and ﬂoodplain form (through
increased or decreased delivery to channel)Altered
channel processes
(e.g., incision and aggradation)

Bank trampling and compaction
Altered cover and composition of vegetation
Stream capture
Nutrient inputs
Increased frequency and intensity of ﬁres
Loss of ﬁre-intolerant taxa
Altered structure of riparian vegetation and habitat
quality and distribution
Riparian areas could serve as refugia for some upland
species
Altered fuel loads and distribution associated with
increased canopy mortality

range from alpine to lower montane, and are mostly dominated by
sedge species (Carex spp., Eleocharis spp., others). These communities
are found primarily in moderately conﬁned to wide valley bottoms,
usually along low-gradient stream segments. Herbaceous-dominated
meadows have been aﬀected by heavy elk grazing at mid elevations and
by livestock grazing at all elevations (Skovlin and Thomas, 1995). Altered species composition and density have been caused by conversion
of natural meadows to pasture in some ﬂoodplains. Water diversions
and ditches have aﬀected channel characteristics, seasonal water supply
and water tables (McIntosh et al., 1994). In some meadows, hydrologic
alteration and livestock grazing have caused drier conditions and increased dominance by non-native grasses and grazing-tolerant native
species (Johnson et al., 1994) (Table 1).
Subalpine and alpine riparian areas and wetlands include communities
that are dominated by (1) willow species in glacial valleys, (2) shrub
species in low-gradient valleys and the upper terminus of glacial valleys, (3) graminoid species in low-gradient valleys and fens, and (4)
sedges and forbs associated with headwater springs (Wells, 2006).
These communities have been aﬀected by livestock grazing and ungulate browsing, but are in better condition than similar low-elevation
communities.
Analysis of riparian vegetation data collected through the PIBO
program (2007–2011) across a range of riparian plant communities
showed signiﬁcantly lower total cover and woody cover for managed

Cottonwood, aspen, willow, and herbaceousdominated communities located along lowgradient, wide valley bottoms

Cottonwood, aspen, willow, and herbaceousdominated communities located along lowgradient, wide valley bottoms
Nearly all riparian and wetland communities,
especially those that occur in drier environments
Potential increase in tamarisk in Hells Canyon

Nearly all riparian and wetland communities,
although direct causes and severity will diﬀer

Aspen, cottonwood, willow and herbaceous
communities are the most heavily impacted

Conifer-dominated riparian communities with
tree species similar to adjacent uplands

Conifer-dominated riparian plant associations
with tree species similar to adjacent uplands

sites relative to reference sites, as well as higher non-native species
cover and lower ratings for wetland functionality. This documented
pattern of degraded habitat and continued spread of non-native species
could contribute to further reductions in the biological integrity of riparian areas.
4.1.2. Wetlands
The number of wetlands in national forests of the Blue Mountains is
shown in Table 2 (wetlands in the Washington state portion of Umatilla
National Forest are not shown). Current condition of riparian and
wetland ecosystems diﬀers considerably depending on location and
land use history. As described above, riparian and wetland communities
at low-mid elevations have been the most impacted by land use
(McIntosh et al., 1994; Crowe and Clausnitzer, 1997) (Table 1).
4.1.3. Groundwater-dependent ecosystems
Steep elevation gradients, bedrock, and glacial landforms inﬂuence
the distribution, characteristics, and water chemistry of GDEs in the
Blue Mountains. The number of currently mapped springs in national
forests is shown in Table 2. Most springs are unnamed, and many may
not be perennial, especially during dry years. Springs play a key role as
groundwater discharge zones that deliver cool water to streams, support summer streamﬂow, and may deliver relatively warm water during
winter (Winter, 2007; Lawrence et al., 2014). Most streams and rivers
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Table 2
Number of springs (named and unnamed) and wetlands for Malheur, Umatilla, and Wallowa-Whitman National Forests.a
National forest

Springs

Malheur
Umatilla
Wallowa-Whitman
Total

Wetlands

Named

Unnamed

Total

Palustrine

Lacustrine

Riverine

Total

Potential fens

389
268
273
930

2462
381
1635
4478

2851
649
1908
5408

4405
2472
5419
12,296

8
5
77
90

4648
1780
4886
7314

9061
4257
10,382
23,700

1132
568
1037
2737

a
The number of springs was derived from the National Hydrography Database. The number of wetlands was derived from the Oregon Wetlands Geodatabase (excludes national forest
land in Washington and Idaho). This database identiﬁed “potential fens” if a wetland occurred near a spring, so overlap exists between number of palustrine wetlands and number of
potential fens.

snow accumulation, timing, and rate of melt, thus aﬀecting streams in a
number of ecologically signiﬁcant ways. Earlier spring snowmelt will
lead to higher peak streamﬂows in winter (Mote et al., 2005) and lower
streamﬂows in summer (Luce and Holden, 2009). The most extreme
trajectory for certain resources is complete loss of the ecosystem and
valued functions, which may occur for smaller springs and wetlands,
and headwater stream segments. Shifts in riparian vegetation and reduced area occupied by riparian communities are expected in response
to altered streamﬂow and lower streamside soil moisture independent
of streamﬂow. For example, Ponderosa pine (Pinus ponderosa) and upland shrubs may be increasing in areas previously dominated by riparian woody species in response to channel incision and decreasing
soil moisture (Table 1). Reduced width of riparian areas, increased
severity and frequency of drought, and higher demands for water could
reduce the diﬀerence in soil moisture between streamside and upland
habitats. Reduced riparian extent could aﬀect vegetation composition
and structure, with negative feedbacks for the quantity and quality of
ecosystem services provided by riparian vegetation (e.g., wildlife habitat, recreational value, shade over streams). Here, we describe the
most likely climate change eﬀects on dominant riparian and wetland
plant communities in the Blue Mountains.
Conifer-dominated riparian areas will be increasingly aﬀected by
wildﬁres and insect outbreaks in a warmer climate. A study of ﬁre
history in upland and riparian forests in the Blue Mountains showed
that ﬁres in riparian areas were only slightly less frequent than in uplands of the same forest type (Olson, 2000), and a study of fuel characteristics and potential for crown ﬁre in paired upland-riparian stands
in the Blue Mountains suggested that high-severity ﬁre could extend
downslope into valley bottoms (Williamson, 1999). In the future, fuel
conditions in riparian areas may indeed be conducive to crown ﬁres
during hot, dry weather. Warmer temperatures are projected to promote insect outbreaks in forested areas by increasing water stress in
host trees while conferring physiological advantages to insects (Bale
et al., 2002). Although streamside trees appear to be more resistant to
insect outbreaks (Dwire et al., 2015), this resistance could weaken in a
warmer climate. As ﬁre- and insect-caused mortality transform the
structure of dry forests, adjacent riparian forests could also be aﬀected.
In some watersheds, riparian areas may serve as important refugia for
certain upland species.
Riparian and wetland aspen plant communities in the Blue Mountains
are already experiencing stress, since many aspen stands have been
declining in number, area, and stem density (Swanson et al., 2010).
Similar dieback has been observed in other locations in western North
America, and although the cause for this decline is unclear, it may be
related to low soil moisture in severely aﬀected stands (Worrall et al.,
2013). Warmer temperatures are expected to reduce soil moisture,
groundwater, and summer streamﬂow, which would have a detrimental
eﬀect on the productivity, vigor, and spatial extent of aspen communities.
Cottonwood-dominated riparian areas depend on seasonal ﬂooding for
regeneration of black cottonwood and on baseﬂow for stand maintenance (Lite and Stromberg, 2005), so any alteration of hydrologic

Table 3
Area of diﬀerent wetland types and percentage of forest area for Malheur, Umatilla, and
Wallowa-Whitman National Forests.a
National
forest

Malheur
Umatilla
WallowaWhitman
Total

Palustrine

Lacustrine

Potential fensb

Riverine

hectares

%

hectares

%

hectares

%

hectares

%

4552
2091
3897

0.7
0.5
0.4

62
104
1447

< 0.001
< 0.001
0.01

1963
1669
4458

0.3
0.4
0.5

967
556
619

0.150
0.001
0.060

10,540

1613

8090

2142

a
Wetland area derived from the Oregon Wetlands Geodatabase and excludes national
forest land in Washington and Idaho.
b
Potential fens are classiﬁed primarily as palustrine wetlands and are included in the
area calculated for palustrine wetland area.

in the Blue Mountains are at least partially groundwater dependent, and
59% of annual streamﬂow in semiarid mountains of eastern Oregon is
attributable to groundwater discharge (Santhi et al., 2008). The inﬂuence of groundwater on stream temperature is especially important for
cold-water ﬁsh habitat.
The Oregon Wetlands Geodatabase identiﬁed “potential fens” if a
wetland occurred near a spring (Tables 2 and 3; Figs.1–3), inferring that
groundwater is an important water source. Because characterization
based on remotely sensed information can be inaccurate and incomplete, fens frequently remain undetected, and numbers shown
(Table 2) are likely under-estimates. Although fens occupy a very small
portion of the Blue Mountains landscape (Table 3), they contribute
substantially to regional biodiversity. Analysis of information collected
as part of GDE inventories on the Umatilla National Forest showed that
56% of GDEs had reduced aquifer functionality, largely due to
groundwater extraction. Water diversions that withdraw water emerging from spring habitat or an adjacent stream are present at many
locations, with an average of 93% of available water being diverted.
Soil was altered in 24% of GDEs, mostly through ground disturbance or
soil compaction. Upland plant species cover was higher than expected
in 18% of GDEs, suggesting that hydric species may have been replaced
because of altered hydrology. Trails by animals or people were found in
44% of GDEs, grazing/browsing by livestock in 36% of sites, and
grazing/browsing by wildlife in 16% of sites. Functionality of severely
impacted GDEs is low and may be decreasing. GDE inventories for
Malheur and Wallowa-Whitman National Forests (not shown) revealed
similar patterns. A study in watersheds adjacent to Wallowa-Whitman
National Forest documented reduced groundwater supply and contaminated groundwater from pesticides and fertilizers (Brown et al.,
2009).
4.2. Potential climate change eﬀects
4.2.1. Riparian areas and wetlands
A warmer climate in the Blue Mountains region is projected to alter
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characteristics could aﬀect this species. Many cottonwood stands already have minimal regeneration because of livestock grazing. Potential competition from non-native tamarisk (Tamarix spp.) may become
more threatening. Tamarisk has displaced native cottonwoods
throughout the West by altering local water tables (Merritt and Poﬀ,
2010). Although tamarisk is not currently present in the Blue Mountains, riparian habitat for tamarisk will probably increase in the Paciﬁc
Northwest as the climate continues to warm (Kerns et al., 2009). Even
without tamarisk, it is likely that cottonwood will become less dominant in riparian areas if increased drought or additional ﬂow modiﬁcation alter stream ﬂows and groundwater.
Willow-dominated riparian areas are maintained by ﬂoods, adequate
streamﬂow, shallow subsurface drainage, and American beaver activities (Demmer and Beschta, 2008). A warmer climate could aﬀect
groundwater and streamﬂow that redistributes ﬁne textured soils for
germination and establishment (Karrenberg et al., 2002), including
clonal species that depend on ﬂow characteristics for appropriate propagation substrates. Altered ﬂood frequency and duration could aﬀect
the long-term maintenance of willow populations (Stromberg et al.,
2010). If higher air temperatures and lower streamﬂows decrease soil
and foliar moisture, willow communities may become more susceptible
to wildﬁres.
Other shrub-dominated riparian areas could increase in spatial extent.
The displacement of native species that are tolerant of extended soil
saturation, such as willows and sedges, by more drought tolerant species is likely, although highly dependent on the physiological tolerances
of the individual species. Conifer species, which already encroach in
some riparian areas, could become more dominant in some shrubdominated riparian areas, especially at lower elevations where soils are
typically drier.
Herbaceous-dominated riparian areas contain species that are typically sensitive to height of the water table (Dwire et al., 2006). In a
warmer climate, the water table could become lower and more variable, and other hydrologic characteristics could change with more
frequent droughts. The spatial extent of wet meadows could diminish,
with dominance shifting from sedges to grass and shrub species that are
more competitive in lower soil moisture environments. Altered species
composition and vegetation cover could in turn aﬀect water quality by
reducing inﬁltration of runoﬀ and weakening streambank stability, thus
contributing sediment to adjacent streams.

precipitation (Maxwell and Kollet, 2008), and altered connectivity between groundwater and surface water could directly aﬀect streamﬂows,
associated wetlands, and other GDEs (Earman and Dettinger, 2011).
Changes in groundwater and surface water will also vary depending on
location within the watershed and stream network, as well as future
land use. Eﬀects of climate change on GDEs will depend on changes in
groundwater levels and recharge rates, as inﬂuenced by the size and
position of groundwater aquifers (Aldous et al., 2015). GDEs supported
by small, local groundwater systems exhibit more variation in temperature and nutrient concentrations than regional systems (Bertrand
et al., 2012), so larger systems will likely be more resilient to climate
change.
As noted above for wetland and riparian ecosystems, land use and
management activities are impacting GDEs and may foreshadow responses to changing climate. In the Umatilla National Forest, 45% of
surveyed springs are subjected to water withdrawals. In fens, development of peat soils over time depends on stable hydrological conditions. Reduced groundwater can cause cracking of peat soils, peat
subsidence, cessation of peat accumulation, and secondary changes in
hydrology (Kværner and Snilsberg, 2011), leading to signiﬁcant
changes in plant species composition and ecosystem processes.
5. Management context and applications
Riparian areas and wetlands are protected under the U.S. Clean
Water Act, which regulates the use and modiﬁcation of ﬂoodplains and
wetlands. Current management objectives for riparian areas in the Blue
Mountains are informed by the aquatic strategies PACFISH and INFISH
that are jointly implemented by the U.S. Forest Service and Bureau of
Land Management (USFS and USDI BLM, 1995). Riparian goals in
PACFISH and INFISH are intended to protect native ﬁsh and their
aquatic habitat and address water quality, stream channel integrity,
instream ﬂow, natural timing and variability of water-table elevation,
and diversity and productivity of riparian plant communities. Maintenance and restoration of riparian vegetation focus on instream and
riparian large wood, thermal regulation (stream shading), and protection from erosion. Riparian management objectives include targets for
improvement or maintenance of stream characteristics such as pool
frequency, water temperature, instream large wood loads, width:depth
ratios, and bank stability, thus providing benchmarks for management
actions that can be applied in RHCAs.
Management activities in RHCAs must meet standards and guidelines that limit timber harvest, so timber sales, fuel management, and
forest restoration projects are typically excluded from riparian areas,
wetlands, and GDEs. A negative outcome of these restrictions may be an
increase in fuel loading (Messier et al., 2012) and more uniform forest
structure. Therefore, if fuel treatments are being planned for upland
forests, inclusion of adjacent riparian areas could potentially reduce
overall ﬁre hazard in some treated watersheds (Arkle and Pilliod, 2010;
Dwire et al., 2016). RHCA standards and guidelines also require modiﬁed grazing practices to attain management objectives. As a result,
fencing of riparian, wetlands, and GDEs within grazing allotments has
become increasingly common as a means of reducing damage within
and adjacent to water sources. Ongoing riparian monitoring eﬀorts
provide a consistent approach for assessing riparian conditions and the
eﬀects of management practices (Burton et al., 2011; Archer et al.,
2012).
Certain goals for stream-riparian restoration could potentially be
realized through reintroduction of beaver, which has been suggested as
an adaptation action to climate change to improve watershed resilience
(or simply allowing beaver to recolonize selected watersheds. The hydrological eﬀects of beaver dams can extend well beyond the pond
boundaries, both upstream and downstream within the ﬂuvial corridor,
and inﬂuence surface and sub-surface runoﬀ, seepage, and storage
during both high-and-low-ﬂow periods. Beneﬁts include retention and
redistribution of sediment and organic matter, expansion of the extent

4.2.2. Groundwater-dependent ecosystems
In the Paciﬁc Northwest, increased warming will inﬂuence the
amount, timing, and distribution of runoﬀ, as well as groundwater recharge and discharge (Waibel et al., 2013). Snowpack is the main
source of groundwater recharge in the Blue Mountains. Higher temperatures can reduce the longevity of snowpack and decrease the length
of time aquifer recharge can occur, potentially leading to faster runoﬀ
and less groundwater recharge. Little is known about how the shift from
snow-dominated to rain-dominated hydrologic regimes will occur in
many watersheds (Safeeq et al., 2013, 2014) or how this transition will
inﬂuence groundwater recharge rates and amounts (Earman and
Dettinger, 2011). In the Blue Mountains, the biggest declines in snowpack are projected to occur in mid elevations, although eﬀects on
available groundwater will vary depending on local topography and
land use.
In the Blue Mountains, igneous and metamorphic rocks have low
permeability and porosity, providing low groundwater discharge, so
GDEs with this geology are less vulnerable to changes in temperature
and precipitation. In contrast, aquifers in sedimentary or basalt formations, which have high permeability and porosity, provide higher
discharges to GDEs and are recharged more frequently, making them
more sensitive to a warmer climate. Small, unconﬁned aquifers may
respond more rapidly to climate change than large, conﬁned aquifers
(Healy and Cook, 2002).
Groundwater storage can moderate surface water response to
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of ﬂooded soils and maintenance of high water tables, which supports
willows and other valued riparian plant taxa, and contributes to the
persistence of riparian wetlands.
National forests in the Blue Mountains are in the early stages of
identifying and understanding groundwater resources, yet GDEs are
regarded as critical components of watershed assessments and planning. As forest management plans are updated to incorporate adaptations to climate change, current strategies may require revisions to
redeﬁne desired future conditions of RHCAs, foster additional inventory
and protection of GDEs, and refocus management objectives.
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6. Conclusions
In the Blue Mountains, past land use and management have signiﬁcantly impacted aquatic ecosystems and may already be compromising their resilience to the gradual inﬂuence of climate change
(Kauﬀman et al., 2004; Magee et al., 2008; McAllister, 2008). The
current condition of riparian areas, wetlands, and GDEs diﬀers considerably depending on location and land use history, although most
areas at low-mid elevations have consistently been the most altered
(McIntosh et al., 1994; Crowe and Clausnitzer, 1997; Table 1). In the
Blue Mountains, the largest declines in snowpack are predicted to occur
at mid elevations, thus inﬂuencing streamﬂows, groundwater recharge,
and soil moisture, and putting additional stress on the most impacted
aquatic environments. Documented declines in the areal extent and
vigor of cottonwood and aspen communities could foreshadow the future of other riparian community types, particularly those dominated
by willows. Those areas that have been heavily impacted by land use
are also more vulnerable to ﬂooding and wildﬁre (Dwire and Kauﬀman,
2003), whereas less degraded areas may be more resilient to climaterelated stressors (Luce et al., 2012).
Including climate change as a consideration in resource management will mostly reﬁne and prioritize, rather than transform, current
practices in riparian areas, wetlands, and GDEs (Peterson and Halofsky,
2017). Plant communities adjacent to small springs and narrow,
ephemeral streams are expected to be among the ﬁrst areas aﬀected by
altered hydrology as the climate continues to warm, and timely adaptation may be necessary to maintain their functionality. Regardless of
the size of these water-associated habitats, their biological diversity is
disproportionately high compared to drier habitats, thus meriting high
priority for conservation.
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There is a growing consensus that climate is changing, but beliefs about the causal factors vary widely among the
general public. Current research shows that such causal beliefs are strongly inﬂuenced by cultural, political, and
identity-driven views. We examined the inﬂuence that local perceptions have on the acceptance of basic facts
about climate change. We also examined the connection to wildﬁre by local people. Two recent telephone
surveys found that 37% (in 2011) and 46% (in 2014) of eastern Oregon (USA) respondents accept the scientiﬁc
consensus that human activities are now changing the climate. Although most do not agree with that consensus,
large majorities (85–86%) do agree that climate is changing, whether by natural or human causes. Acceptance of
anthropogenic climate change generally divides along political party lines, but acceptance of climate change
more generally, and concerns about wildﬁre, transcend political divisions. Support for active forest management
to reduce wildﬁre risks is strong in this region, and restoration treatments could be critical to the resilience of
both communities and ecosystems. Although these immediate steps involve adaptations to a changing climate,
they can be motivated without necessarily invoking human-caused climate change, a divisive concept among
local landowners.

Practical Implications
Despite scientiﬁc consensus that climate is changing, beliefs
about causal factors vary widely among the general public in
the United States, inﬂuenced by cultural, political, and identity-driven views. In eastern Oregon, a semi-arid region
dominated by dry forest, the eﬀects of a warmer climate
during the next few decades include reduced productivity and
health of forests, increased wildﬁre occurrence, and reduced
water supplies. These eﬀects would have a signiﬁcant impact
on both natural resource conditions and human welfare,
especially in the Blue Mountains and adjacent communities.
Surveys of the public in this region have demonstrated that
belief in human-caused climate change is relatively low
compared to the national average, although most agree that

climate is changing, whether from natural or human causes.
Most people support active forest management (forest thinning, surface fuel reduction) and restoration to reduce the
likelihood of high-intensity wildﬁres that would damage
timber and threaten local communities. Fuel reduction and
restoration are climate-smart management practices, regardless of the motivation.
In fact, collaborative eﬀorts are already underway in
eastern Oregon to reduce fuel loadings near communities. In
addition, federal agencies, non-governmental organizations,
and watershed councils are working with ranchers and
farmers to explore ways to capture spring runoﬀ and improve
irrigation eﬃciency. These eﬀorts reﬂect the perspectives of
individual landowners focused primarily on short-term
change and short-term management objectives, in contrast to
the much longer temporal scale at which climate change is
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usually perceived.
Although ongoing actions may be adequate in the short
term, planning and management at long temporal and broad
spatial scales are less likely to occur if landowners do not
believe that climate change is here to stay. Long-term planning is challenging and not typically a consideration for most
landowners. Creating resilient landscapes at broad spatial
scales (thousands of hectares) would encompass and/or
overlap multiple ownerships, requiring collaboration to implement forest management practices and other activities. In
addition, multiple constraints to active management—limited
budgets, federal and state regulations, air quality restrictions
for prescribed burning, complicated review processes—make
it diﬃcult to implement large projects.
A culturally attuned communication process that respects
beliefs of local stakeholders and leadership can be used to
overcome ideological barriers. Consensus messaging also
provides a way to share evidence-based scientiﬁc agreement
on climate change and related issues. Both approaches can
facilitate progress on building resilience in local landscapes
and communities without using climate change adaptation as
the motivation. The recent emergence of forest collaboratives,
which are working partnerships between public and private
organizations, is an optimistic sign that individuals committed
to working together are bridging logistical and cultural divides to improve resource management, regardless of climate
change beliefs.

eﬀects on species and ecological communities at the margin of their
range may be particularly severe (Dale et al., 2001; Turner, 2010).
The eﬀects of climate change on wildﬁre, the most inﬂuential natural disturbance in temperate forest ecosystems (Bond and van Wilgen,
1996; Barnes and Spurr, 1998), is critically important socially and
ecologically. In 2015, over 68,000 wildland ﬁres covering 4 million
hectares burned across the western United States. Suppression costs for
the federal government were $2.1B (NIFC, 2016a,b). This cost is on the
rise as ﬁre seasons have grown longer in combination with increased
settlement in the wildland-urban interface (Dale, 2006; Westerling
et al., 2006). July 2012, the peak of that ﬁre season, became the hottest
month ever recorded in the contiguous US (NOAA, 2013). Much of the
Intermountain West, including eastern Oregon, contains large areas of
dense stands with ﬁre resilient species (ponderosa pine [Pinus ponderosa], western larch [Larix occidentalis], and Douglas ﬁr [Pseudotsuga
menziesii]) in the overstory and ﬁre susceptible species (e.g., grand ﬁr
[Abies grandis]) in the understory. In addition, mountain pine beetle
(Dendroctonus ponderosae) has caused mortality in 20 million hectares
of western North America (Kurz et al., 2008; Cain and Hayes, 2009).
Together, the eﬀects of changing ﬁre regimes, increased fuel loads, and
stressed forests, coupled with increasing impacts of ﬁres on populated
areas and demands for more ﬁre suppression, has created a pathology of
declining forest conditions, much of which is exacerbated by climate
change (Fischer et al., 2016).
Duration of drought is expected to increase as snowpack decreases
in the future, especially in the Paciﬁc West (Clifton et al., this issue).
The maximum number of consecutive dry days (precipitation <1 mm)
per year is projected to increase 5–10 days in the American southwest
and Paciﬁc Northwest (Vose et al., 2016). Since 1948, there was a
signiﬁcant decrease in the 25th percentile ﬂow of rivers and streams in
the Paciﬁc Northwest, indicating that dry years are becoming drier.
Winter streamﬂows will peak earlier and higher, and summer streamﬂows will be lower.
These past and projected changes impact human communities in the
West, especially where livelihoods depend on natural resources.
Ranchers may beneﬁt as shifts in vegetation distributions favor expansion of grassland at the expense of forests. However, longer, drier
summers and reduction in water availability from mountain streams
(see Clifton et al., this issue) may pose additional challenges. Forests
becoming denser and more uniform in species and age increases stress
and facilitates insect outbreaks and crown ﬁres. Frequent wildﬁre will
also impact livestock producers if they lose forage and are forced to ﬁnd
alternative feed or reduce their herd size. In addition, increased forest
ﬁre severity may combine with hot summers and unsightly views of
dead trees to deter tourists and amenity homeowners (those who buy
second homes or live in the area for the visual and social opportunities
of a rural community).
The scientiﬁc consensus about human-caused climate change has
been extensively documented in reviews (IPCC, 2013; Melillo et al.,
2014), statements by leading science organizations (e.g., Finn, 2013),
surveys of scientists (Doran and Zimmerman, 2009), and published
scientiﬁc reports (Oreskes, 2004; Cook et al., 2013). However, the issue
of climate change remains divisive among U.S. politicians and the
public. Politicians, ideological media, and some citizens line up with
politically-framed views about this science-heavy topic. Core points of
disagreement include whether climate change is happening now, and if
so what the primary cause may be. A recent poll found that 63% of
Americans are represented by a member of Congress who questions the
science behind human-caused climate change (Ellingboe, 2016). The
cause obviously matters for mitigation policies, but also for adaptation
planning that anticipates continued warming.
Within this context of climate change and politics, we tested whether the issue of climate change was a salient one among the general
public in eastern Oregon. The region has experienced frequent large
wildﬁres along with an economic downturn in part caused by a decline
in the forest products industry. Other studies have demonstrated a link

1. Introduction
Evidence for changing climate, associated with increases in atmospheric greenhouse gas concentrations, continues to increase. The year
2012 marked a milestone for the United States when it eclipsed 1998 by
0.6 °C to become the hottest year on record (NCDC, 2016). Then, 2014
became the warmest ever recorded, and 2015 was warmer still (NCDC,
2016). February 2016 broke the record for the largest monthly temperature anomaly (NASA, 2016). Furthermore, 2015 reached a new
record high of global carbon dioxide levels for the 31st consecutive year
(ESRL, 2016) and was accompanied by an increase of 0.23 °C over
2014, an increase of 1.8 °C since the late 1800s (ESRL, 2016).
Human activities have increased atmospheric carbon dioxide (CO2)
concentrations past 400 ppm, levels unseen for millions of years (Biello,
2015). Barring signiﬁcant reductions in fossil fuel use and deforestation, a doubling of pre-industrial CO2 levels (from about 280 to over
560 ppm) will occur in the ﬁrst half of the 21st century. Analysis of
climate data from the contiguous United States since 1895 shows the
mean temperature rising at an average rate of 0.14 °C per decade
(NOAA, 2016b). Warming accelerated in recent decades, with the U.S.
trend becoming 0.50 °C per decade for 1975–2015. Under conservative
scenarios, future climate changes are likely to include further increases
in mean temperature (about 2–4 °C globally in this century), with signiﬁcant drying in some regions, as well as increases in the frequency
and severity of droughts, temperature extremes, and heat waves (IPCC,
2007).
Forest systems and changes in their complexity and structure are
examples of complex feedbacks between changes in climate, resource
availability, disturbance, and management in space and time (see Kerns
et al., this issue). With U.S. forests occupying 300 million hectares, a
changing climate aﬀects the health, growth and productivity of these
forests and exacerbates threats such as drought, wildﬁres, and insect
outbreaks (Kurz et al., 2008; Allen et al., 2010; Waring et al., 2011).
Climate change alters the distribution, extent, frequency, and intensity
of these disturbances, and large impacts (e.g., loss of species regeneration) can be expected (Anderson-Teixeira et al., 2013). The
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Fig. 1. Study area in the Oregon Blue Mountains
province.

between belief in climate change and implementation of adaptive actions (Blennow and Persson, 2009), which is theoretically because
“believers” also believe projected climate trends and want to adapt to
changing conditions. Using a telephone survey, we asked residents for
their personal beliefs about climate change. We asked respondents
whether they thought climate change was happening and humancaused, as well as whether summer temperatures have increased over
the last several decades, and if they expect them to increase in the future. We hypothesized that a belief in climate change would correspond
with a belief in the upward trajectory of summer temperatures, which
are associated with the wildﬁre and forest health issues discussed
above.

communities, but have been in decline. Recently, concern about forest
health, ﬁre, and climate change has motivated increased support for
thinning federal forests in the region (Cockle, 2013).
Although historically dominant industries associated with manufacturing, forestry, mining, and agriculture continue to have a strong
presence in some rural communities, forestry activity has declined in
the face of public land policy changes and rural economic diversiﬁcation. This region has experienced economic declines and demographic
change, including an aging population, typical of many rural areas in
the USA. The median age of ﬁve counties surveyed (Baker, Crook,
Wallowa, Grant, Wheeler) is 10+ years older than Oregon’s median
age, while Union county has the same median age as the state
(39 years) and Umatilla was slightly lower (Table 1). Median incomes
in these counties are below the national median household income of
$53,889 (Oregon: $51,243), and the percent of college graduates,
ranging from 15.4% to 24.3%, is also below the national average of
29.7% (Oregon: 30.7) (US Census Bureau, 2017).

2. Study area
The Communities and Forests in Oregon (CAFOR) project focuses on
the Blue Mountains Province (6.2 million hectares), northeastern
Oregon. This ecoregion is comprised of rugged mountains, steep valleys, and plateaus, ranging from 900 to 3000 m elevation. We examined
7 counties with signiﬁcant forested area (Baker, Crook, Grant, Umatilla,
Union, Wallowa, Wheeler) (Fig. 1); 45% is private land and 54% is
managed federally. Grand ﬁr, lodgepole pine (Pinus contorta var. latifolia), western larch, and Douglas ﬁr dominate forests at mid-altitudes
and wetter sites; ponderosa pine dominates at lower elevation, drier
sites; and subalpine ﬁr (Abies lasiocarpa), Engelmann spruce (Picea engelmannii), whitebark pine (Pinus albicaulus), and lodgepole pine dominate at higher elevation, cooler sites (Hessburg and Agee, 2003). A
high proportion of the land is designated as national forests (Malheur,
Ochoco, Umatilla, Wallowa-Whitman).
Forests and wildﬁre have an important socioecological role here.
Over a century of environmental alterations, including ﬁre suppression
and overstory logging, have altered forest structure, ﬁre regimes, species assemblages, and riparian conditions, resulting in high levels of
tree disease, mortality, and ﬁre, which in turn has impacted visual
quality, wildlife habitat, instream sedimentation, and timber values.
Manufacturing, forestry, mining, and agriculture, which founded the
region’s modern economy, continue to have a strong presence in local

Table 1
American Community Survey estimates for demographic variables in study area counties
(US Census Bureau, 2017).

Baker
Crook
Grant
Umatilla
Union
Wallowa
Wheeler

Population
2011–2015

Median Age

Median
Income

Percent College
Grad or Higher

16,100
21,000
7,300
76,700
25,700
6,900
1,300

48.2
48.1
51.1
36
39
52.2
56.5

$41,098
$37,106
$38,046
$48,101
$43,822
$40,581
$33,487

20.6
15.4
19.1
16.3
23.2
24.3
15.4

3. Data
3.1. Wildﬁres, weather and climate
Long-term climate indicators were derived from National Oceanic
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and Atmospheric Administration data for eastern Oregon climate divisions 6, 7, 8 and 9 (NOAA, 2016c), which in turn derive from longrunning records of individual stations in this region. We calculated
temperature anomalies by re-expressing temperatures for each division
and month as deviations from their respective 1901–2001 means.
Anomalies were averaged across the four divisions for June through
September. Average correlation among monthly temperature anomalies
for the climate divisions is 0.91 over 1,452 months (1895–2015), and
the ﬁrst principal component explains 94% of total variance. Both results support their combination in a regional index (see Hamilton et al.,
2016).
We derived two other long-term indicators to measure dryness
(NOAA, 2016c): monthly precipitation (mm), and monthly Palmer
Hydrological Drought index (PHD; Palmer, 1965), both of which were
averaged for June through September. These are the warmest times of
the year and correspond with higher wildﬁre frequency. Although
precipitation and dryness correlate less strongly across divisions than
temperature anomalies, Hamilton et al. (2016) found that these regional precipitation and dryness indicators signiﬁcantly predict the
frequency of large wildﬁres.
The research team extracted wildﬁre frequencies from a U.S. Forest
Service dataset associated with the Fire Statistics System (FIRESTAT),
which maintains Forest and District-level historical data. Our analysis
focuses on predicting “large” ﬁres of 100 acres (about 40 ha) or more.
We considered lightning-caused ﬁres of less than 100 acres as a rough
proxy for the frequency of “dry thunderstorms” in this region, which
often produce lightning without much rain.

by a negative binomial regression model (Hamilton, 2013). The regression model ﬁnds that ﬁre frequency is signiﬁcantly aﬀected by
precipitation, drought, temperature, and lightning ignitions of small
ﬁres, along with a general upward trend that could reﬂect non-climate
factors (e.g., higher fuel loads) (Hamilton et al., 2016). This model
provides a rough ﬁt to observed wildﬁre counts.
Plots of ﬁre-season (June through September) temperature, precipitation, and drought reveal high interannual variability (Figs. 3–5).
One can think of these variations as “weather.” Each graph depicts the
annual (ﬁre season) data along with a lowess smoothed regression
curve (bandwidth equal to 40 percent of the data; see Hamilton, 2013)
to show decadal-scale trends. One can think of these smoothed curves
as “climate.” The past four decades (right panel in each ﬁgure) comprises the reference period for the survey question discussed later.
Fig. 3A shows eastern Oregon ﬁre-season temperature anomalies for
1895–2015, derived from NOAA climate divisions data (NOAA, 2016c).
The seasonal temperatures vary from one year to the next, but the
smoothed curve depicts an underlying trend that gains 2.4 °C in a steppause-step pattern. The step-pause-step pattern of early 20th-century
warming, mid-century slowdown in the era of industry-driven “global
dimming,” and a new takeoﬀ in warming since the mid-1970s follows
the 20th-century pattern of global climate change (IPCC, 2013). Global
climate change is visualized in by a second lowess curve for global
temperature anomalies relative to the same 1901–2000 baseline
(NOAA, 2016a) (Fig. 3A). Although eastern Oregon ﬁre season temperatures follow the same pattern as global change, the Oregon index
has warmed more steeply, especially over the past four decades
(Fig. 3B).
Wildﬁre seasons depend more directly on dryness than on temperature, although those dimensions are correlated. Fig. 4 shows
eastern Oregon average monthly precipitation, with the 1895–2015
view on the left and recent data on the right (NOAA, 2016c). Recent
seasons tended to have below-average precipitation (Fig. 4B). Global
precipitation is not meaningful in this context, so Fig. 4 makes no global
comparison.
Fig. 5 shows a similar comparison tracking Palmer Hydrological
Drought Index (PHDI) for eastern Oregon ﬁre seasons (NOAA, 2016c).
A more general extension of the Palmer Drought Severity index
(Palmer, 1965), PHDI reﬂects not only precipitation but hydrological
conditions such as groundwater and reservoir levels. Negative PHDI
values indicate dryness or drought; positive values indicate wetter
conditions. Values of 0 are considered normal; negative 2 is moderate
drought, negative 3 is severe drought, and negative 4 is extreme
drought. Several ﬁre season values over the past few decades indicate
“severe drought.”

3.2. Perceptions about climate
We conducted telephone surveys in late summer/early fall of 2011
and 2014 in eastern Oregon. In 2011, 1585 interviews were conducted
in Wallowa, Union, and Baker counties (Hamilton et al., 2012). The
study was expanded in 2014 to include these three plus four additional
counties (Crook, Wheeler, Umatilla, and Grant), conducting another
1752 interviews.
Landline (2011 and 2014 survey) and cell phone numbers (included
with the 2014 survey only) were selected at random within each county
to obtain a representative cross-section of the public. Random numbers
were generated separately for the 2011 and 2014 surveys, so it is
possible that the same household was surveyed for both surveys.
Surveys lasting 10–15 min were conducted by trained interviewers at
the University of New Hampshire Survey Center. Questions focused on
perceptions of climate change, wildﬁre, environmental policies and
regulations, and land use. Probability weights allowed minor adjustments toward a more representative sample. The weighting scheme
used (similar to that in Hamilton et al., 2014), while avoiding large
changes, includes adjustments for design bias involving number of
people in a household, and deliberate oversampling to achieve representation from smaller counties and forest landowners (those
owning 4 or more hectares of forested land). Oversampling helped
obtain a sharper statistical picture (narrower conﬁdence intervals) of
subgroups, but requires probability weighting in compensation to avoid
biasing the overall analysis. Weights also adjust the demographic proﬁle to match a census age/sex table for these counties. Boag et al.
(2015) present summary results, including a graphical view of the
weighting process, and comparisons between 2011 and 2014 survey
results.

4.2. Perceptions of climate
In summer and fall of 2011, the CAFOR research team conducted a
random-sample telephone survey of 1500 residents in Baker, Union,
and Wallowa counties (Hamilton et al., 2012, 2014; Hartter et al.,
2015). The survey revealed diﬀerences between perceptions for climate
change and wildﬁre: respondents had a high concern about wildﬁre and
insects and a low concern about climate change. A follow-up survey in
2014 found somewhat higher (though still well below national levels)
acceptance of human-caused climate change over an expanded 7county region. The 2014 survey also revealed perceptions about temperatures which followed the same ideological pattern as beliefs about
human-caused climate change (Hamilton et al., 2016). Fig. 6 summarizes key results from the 2011 and 2014 surveys; panels a and c
show responses to the question:

4. Results
4.1. Wildﬁres, weather and climate

Which of the following three statements do you personally believe?

Both wildﬁre frequency and ﬁre-season climate in eastern Oregon
have changed over the past four decades. Fig. 2 graphs observed frequencies of ﬁres greater than 40 ha, together with frequencies predicted

-Climate change is happening now, caused mainly by human activities
-Climate change is happening now, but caused mainly by natural forces
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Fig. 2. Observed number of eastern Oregon wildﬁres larger than
40 ha, 1970–2014, with predictions based on negative binomial model
with precipitation, drought, temperature, linear trend, and number of
small lightning ignitions as predictors (from Hamilton et al., 2016).

Fig. 3. Eastern Oregon ﬁre-season temperature anomalies for
1895–2015 (A) and 1975–2015 (B). Lowess regression curves summarize the eastern Oregon ﬁre-season trend, and also the trend in
global annual anomalies relative to the same (1901–2000) baseline
years.

-Climate change is NOT happening now.
-Have been about the same, on average, as summers 30 or 40 years ago

Only 37% of the three-county respondents in 2011, and 46% of the
seven-county respondents in 2014, agreed with the scientiﬁc consensus
that human activities are now changing the climate. Following the three
original counties through both surveys this increase is smaller
(37–41%), but still statistically signiﬁcant controlling for respondent
demographics and political orientation. Nationwide U.S. surveys asking
this same question in 2011, 2012, and 2014 found 52–54% agreement
(Hamilton et al., 2015).
Although most eastern Oregon respondents did not accept human
causation, large majorities (85–86%) nevertheless agree that climate is
changing, whether by natural or human causes. From this, we might
expect wider acceptance or awareness of local warming (Fig. 3), which
has tangible consequences apart from beliefs about its cause. A question
on the 2014 survey asked:

-Have been cooler, on average, than summers 30 or 40 years ago
Only 40% agreed that recent summers have been warmer (Fig. 6B;
compare with Fig. 3B). Although the past-temperature question says
nothing about causes, analysis suggests that many people were responding to this question as if it had asked their opinion about humancaused climate change. A similarly-structured and causally agnostic
question asked about future temperature (Fig. 6D):
Which of the following statements best describes your belief about future
climate in this region? Northeast Oregon summer temperatures over the
next 20 years are likely to be …
-Warmer, on average, than summers of the past 20 years
-About the same, on average, as summers of the past 20 years

Which of the following statements about past climate in this region do
you believe is most accurate? Northeast Oregon summer temperatures
over the past 20 years …

-Cooler, on average, than summers of the past 20 years
Nationally, climate change has become a divisive issue, often split
across political party lines (Hamilton et al., 2015). Testing whether that

-Have been warmer, on average, than summers 30 or 40 years ago
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Fig. 4. Eastern Oregon ﬁre season average monthly precipitation over
1895–2015 (A) and 1975– 2015 (B). Both are shown with lowess
smoothed curves.

Fig. 5. Average Palmer Hydrological Drought for eastern Oregon ﬁre
seasons over 1895–2015 (A) and 1975–2015 (B).

pattern held in eastern Oregon, at the end of the telephone survey, each
respondent was asked, “Generally speaking, do you usually think of
yourself as a Republican, a Democrat, an Independent, or what?” In the
2014 survey, there was also a follow-up question, “Overall would you
say you support the political movement known as the Tea Party, you
oppose the Tea Party, or that you neither support nor oppose it?”
Among 2014 survey respondents, Democrats were most likely and Tea
Party supporters least likely to agree that humans are changing the
climate, recent temperatures have been warmer than past, or future
temperatures are likely to become warmer (Fig. 7). A similar pattern
holds with the three-party scheme of the 2011 survey: Democrats were
most likely and Republicans least likely to agree that humans are
changing the climate. Partisan gaps for all questions were wide and
statistically signiﬁcant (p < 0.001) as tested by logit regression (see
Hamilton et al., 2016 for examples using this approach).
Survey results demonstrate that most area residents agree that climate change is happening, but a decreasing majority do not accept
human causation (Figs. 6, 7). Moreover, they did not perceive warming

that occurred in the recent past, or expect warming to occur in the
future. Both global and regional climate perceptions are more strongly
related to political views (Hamilton et al., 2016).

5. Discussion
We documented evidence of regional temperature trends in eastern
Oregon that are consistent with, but more rapid than, global temperature increases. This has recently been accompanied by increasing frequency of low precipitation, drought, and wildﬁres. By the 2080s,
average winter temperatures in the Blue Mountains are projected to
increase by 3.3 °C, and by 5 °C in summer (Halofsky and Peterson,
2017; Halofsky et al., this issue). Precipitation projections are uncertain, but most global climate models (GCMs) project higher precipitation in winter (15%) and lower precipitation in summer (17%)
(Mauger and Mantua, 2011). April 1 snow water equivalent is projected
to decrease 69–72%, with the date of 90% melt occurring 23–25 days
earlier.
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Fig. 6. Response percentages for general questions about climate change on the 2014 (A) and 2011 (C) eastern Oregon surveys; and 2014 survey responses about past (B) and future (D)
local warming.

rapid snowmelt and ﬂooding, which can overwhelm reservoirs and
provide too much water too early. Rain-on-snow events have physical
and ecological consequences when runoﬀ causes mass wasting of hill
slopes, damage to river banks, downstream ﬂooding, and associated
impacts on people. Increased ﬂood risks around rivers that receive
waters from both winter rains and peak runoﬀ in late spring are expected (Mote et al., 2014). When streams stop ﬂowing during very dry
years, landowners utilize springs that can be directed to holding ponds
to water their cattle. Several landowners have recently seen their ponds
and springs dry up for the ﬁrst time, and ephemeral water sources were
going dry earlier than usual (Boag, unpublished data). Locally, discussions about forest conditions and hydrology are increasing. Potential
solutions to water shortages include increased storage in tanks and
removal of western juniper (Juniperus occidentalis).
Most local residents “believe” climate is changing in eastern
Oregon, but many attribute change to mostly natural causes, providing
little guidance to anticipate future change. Acceptance of humancaused climate change did rise somewhat between 2011 and 2014,
consistent with nationwide trends attributed to gradually rising public
awareness of the scientiﬁc consensus (Hamilton, 2016). However, 63%
of all respondents in 2011 and 54% in 2014 (or 57% in Wallowa, Union,
and Baker counties in 2014) do not think humans are changing the
climate. If people do not believe that greenhouse gas emissions are
changing the climate along a predictable warming trajectory, they may
not be compelled to support or implement adaptive actions.
Attributing climate change to a natural cycle, as many residents
expressed in interviews, suggests that today’s warming and drying
could be followed by tomorrow’s cooling and wet weather. One longtime resident explained, “Things are changing, but they always change

The changing climate will continue to aﬀect eastern Oregon landowners, their lands, and their forests. In general, GCMs project that
northeastern Oregon will continue to experience decreased precipitation and increased drought-like conditions, as well as variability in
timing of precipitation (Halofsky et al., this issue). Decreased winter
snowfall plus higher spring rainfall will decrease the duration of water
availability to forests and grasslands over longer periods of the year
(Clifton et al., this issue). Insect outbreaks are expected to increase in
forests that are already stressed from high stem densities (Kerns et al.,
this issue). The legacy of overstory removal and ﬁre suppression (dense
stands, ladder fuels) has created a positive feedback that exacerbates
ﬁre hazard.
Complex feedbacks exist between stand density and streamﬂow,
driven by changes in snow quantity, interception, and evapotranspiration. For example, high stand densities in the Blue Mountains can reduce water availability by capturing more snowfall in the canopy, resulting in direct evaporation from the canopy and a decrease in
moisture entering the soil (Zou et al., 2008; Tague and Dugger, 2010).
Warmer winters are projected to cause more precipitation to fall as rain
instead of snow in eastern Oregon, particularly at lower elevations (Klos
et al., 2014). Rain-on-snow events reduce soil moisture, snow accumulation, and the amount of water available from snowmelt. Therefore,
climate change threatens natural storage of water in Paciﬁc Northwest
watersheds by changing the timing of snowmelt and amount of water
available as streamﬂow throughout the year (Mote et al., 2014). Spring
snowmelt is projected to occur 3–4 weeks earlier by mid-century, and
summer streamﬂows are projected to decline (Mote et al., 2014).
Ranchers and farmers depend on the slow release melt in the spring
and early summer for irrigation water. Rain-on-snow events can cause
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Fig. 7. Percent responding that climate change is happening now, caused mainly by human activities, on the 2014 (A) and 2011 (C) surveys; and percent who think that recent summers
have been warmer than 30 or 40 years ago (B), or summers will be warmer in the next few decades (D).

around here. Yeah, I don’t expect every year to be the same, but it is
part of the normal cycle of things. Some years are wetter, some are
drier…” Those believing in natural cycles may be less likely to support
alternative approaches for management of public and private resources.
However, federal agencies, non-governmental organizations, and watershed councils are working with ranchers and farmers to explore ways
to capture spring runoﬀ and improve irrigation eﬃciency. A county/
community adaptive response may be having more inﬂuence than is
reﬂected in the perspectives of individual landowners.
People in eastern Oregon are focused primarily on short-term environmental change, because that is the time horizon at which landowners can manage resources. A time scale of 5–10 years is more relevant than projections of what might occur in 50–100 years. Some
landowners engage in long-term succession planning, ensuring that
land and resources exist for children and grandchildren. In contrast,
commercial forest operations operate on harvest rotations of
35–50+ years, with the ﬂexibility to change planting and harvest
strategies. The spatial scale at which actions take place is also important. An individual who owns a parcel that is 10–1,000 ha may feel
that operations at this scale are not subject to broader impacts from
climate. Therefore, they may choose to do conduct business as usual or
may not know how to respond to a changing climate.
This is not to say that people do not recognize change and that they
are not doing anything related to climate change mitigation or adaptation. In fact, many people are taking action, but may not directly
relate their actions to climate change. These actions tend to be in response to what has happened rather than a plan for what will happen.
People are investing in water storage, removing juniper near water
sources, and thinning forest stands to lower densities. Many landowners

are concerned with wildﬁre (Hamilton et al., 2012) and are thinning
forest stands, creating ﬁrebreaks and defensible space around structures, and reducing surface and understory fuels.
For private landowners, these actions may be suﬃcient in the short
term. However, long-term planning is more challenging. Long-term
actions might involve thinning forests to lower densities than current
practice would suggest in order to increase tree survival under drought
and minimize mortality from wildﬁres (Hessburg et al., 2015). It may
also require an assessment of whether some lower elevation sites can
support healthy forests in the future. If owners maintain a patchwork of
successional stages may be more resilient to projected changes, requiring varied management prescriptions and collaboration among
landowners (Hessburg et al., 2015; Peterson et al., this issue).
Three other important considerations aﬀect long-term planning by
landowners in this region. First, federal lands, which account for 70% of
eastern Oregon forests, contain much of the wildﬁre hazard. Fuel
treatments are limited by federal agency capacity, air quality constraints for prescribed burning, and a complicated review process including appeals by advocacy organizations. Therefore, actions on private land can aﬀect only a portion of the landscape. Second, private
landowner response is limited by the high cost of understory thinning
(with little or no market for harvested material) and surface fuel
treatments. Third, actions by small landowners (e.g., water storage,
thinning) are on relatively small parcels and typically done independently of their neighbors and adjacent property. A strong sense of
individual autonomy and private property rights are common in rural
Western culture (Fischer and Charnley, 2012). Even if large landowners
may be thinking about climate change and longer time horizons, small
landowners may not.
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Given the impacts of climate change and polarizing nature of climate change as a topic, communication from the scientiﬁc community
and dialogue among various stakeholders and user groups is important.
Scientists and planners are seeking eﬀective ways to communicate
across cultural and ideological barriers (Kahan et al., 2011; Bowman,
2016). Some argue for a culturally attuned communication process,
with emphasis on local stakeholders and leadership across partisan
lines, holding participatory meetings and forums (Kahan, 2015). In
regions that are not faced with immediate climate risks, there may be
no imperative for people to change their views and work across partisan
divides. Consensus messaging, which seeks straightforward ways to
share evidence-based scientiﬁc agreement on climate change, oﬀers a
more superﬁcial but more general approach to communicating the
reality of climate change. Survey and experimental research support
this approach as well (Ding et al., 2011; Maibach et al., 2014; Van der
Linden et al., 2014).
Applied to eastern Oregon where declining forest health and rising
wildﬁre risk could, in the near future, attain the salience of sea level rise
in vulnerable coastal regions, an adaptive communication strategy
might employ both cultural and consensus elements. Respected local
leadership, participatory meetings, and identiﬁcation of practical mitigation and adaptation steps are likely prerequisites for constructive
change. At the same time, basic science communication could be improved, especially at the local level. For example, response to our
survey question on past warming (Fig. 6B) suggests that many people
have not encountered data on the observed regional climate (e.g.,
Fig. 3). Communication about such data, and what scientists make of it,
could be more eﬀectively accomplished by sources with local credibility
and connections (e.g., extension). This process has been initiated by at
least one local group, the Umatilla County Climate Change Focus
Group, which is comprised of federal, state, tribal and private forest and
rangeland owners (Plaven, 2016).
In eastern Oregon, as in the rest of the United States, there are
ideological and cultural divides, mostly aligned with identities attached
to the political spectrum. Barriers to implementation of adaptation
strategies exist regardless of the human/non-human causal inﬂuence on
climate change. Lack of engagement by private family forest landowners in stewardship of their properties is consistent across the United
States. There is an 18–20% engagement (i.e., those who have participated in extension activities and forest management training, worked
with the Oregon Department of Forestry Stewardship Forester, work in
the forestry sector, or cooperate with local user groups) rate in Baker,
Umatilla, Union, and Wallowa Counties (500–600 landowners out of
2900) (Christoﬀersen, unpublished data). Out of 454 forest landowners
surveyed in Baker, Union, and Wallowa Counties, only 16% reported
that they had participated in extension activities within the last 5 years,
a proxy for engagement in forest management and planning (Hartter
et al., 2015). A new partnership (My Blue Mountain Woodlands) is
trying to encourage engagement by working together with other organizations on messaging and providing a variety of opportunities to get
technical advice (Oregon State University Extension, Oregon Department of Forestry, and a Neighbor Network). Wallowa Resources, a nonproﬁt organization located in Enterprise, Oregon is providing the central coordination and administration for this partnership. Forest collaboratives, which are working partnerships between public and private
organizations, and individuals who commit to working together may
oﬀer a way forward for bridging logistical and cultural divides regarding forest management.

whether this is the beginning of a longer trend. In this region, many
people acknowledge that “something is going on,” but attributing climate change to human activities encounters political and cultural
barriers. Many say that things are changing, but it has “always been this
way” and that “things will change again.” There is a pervasive notion
that this recent warming is part of a cycle that will reverse at some
point in the future. Because of the supposed cyclic nature of warming,
some may believe that there is no reason to adapt to change except
perhaps in the short term. This belief may support the notion that there
is no reason to support national or state policies (or personal behavior)
intended to make climate change less severe or adapt to its eﬀects.
Does it matter what causes climate change or whether or not people
subscribe to the notion that the climate is changing? It matters in the
sense that people are engaged actively in managing their land and
forests, and that people are preparing for a hotter, drier future. It also
matters because climate change is an issue that no one person can address alone. By accepting that the climate is changing, more and more
people can be involved, and new knowledge, skills, and social networks
can be leveraged to promote collaborative, cross-ownership management. On the other hand, if people do not believe that people are the
cause of climate change, do they believe there is nothing that can be
done?
Acceptance of human-caused climate change divides along party
lines, but acceptance of climate change more generally, and concerns
about wildﬁre, transcend political divisions (Hamilton et al., 2014). Dry
years have become more common, along with upward trends in temperature, and in area burned by wildﬁres. Scientists know that these
trends are linked, and are likely related to global climate change. Perceptions by the general public remain deeply divided, although our two
surveys suggest this could be slowly changing. However, shifts in ﬁrmly
held beliefs about climate change may not be a prerequisite for taking
near-term actions that could contribute to climate change adaptation.
Active forest management already has strong public support in this
region, and forest restoration treatments in these forests could be critical to the resilience of human communities as well as ecosystems.
However, the costs of active management in both private forest lands
and federal lands are typically high, thus constraining timely application of actions that would increase resilience to a warmer climate. Such
eﬀorts could be motivated, in part, through the grounded pragmatism
and strong sense of independence that characterize landowners and
local culture in working landscapes of eastern Oregon.
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a b s t r a c t
National forests in the Blue Mountains (USA) region have developed adaptation options that address
effects identified in a recent climate change vulnerability assessment. Adaptation strategies (general,
overarching) and adaptation tactics (specific, on-the-ground) were elicited from resource specialists
and stakeholders through a workshop process. For water supply and infrastructure, primary adaptation
strategies restore hydrologic function of watersheds, connect floodplains, support groundwaterdependent ecosystems, maximize valley storage, and reduce fire hazard. For fisheries, strategies maintain
or restore natural flow regimes and thermal conditions, improve water conservation, decrease fragmentation of stream networks, and develop geospatial data on stream temperature and geologic hazards. For
upland vegetation, disturbance-focused strategies reduce severity and patch size of disturbances, protect
refugia, increase resilience of native vegetation by reducing non-climate stressors, protect genotypic and
phenotypic diversity, and focus on functional systems (not just species). For special habitats (riparian
areas, wetlands, groundwater-dependent ecosystems), strategies restore or maintain natural flow
regimes, maintain appropriate plant densities, improve soil health and streambank stability, and reduce
non-climate stressors. Prominent interactions of resource effects makes coordination critical for implementation and effectiveness of adaptation tactics and restoration projects in the Blue Mountains.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Practical Implications
Climate change adaptation is in its early stages in most of the western United States, including in the Blue Mountains (Oregon and
Washington, USA) region. The U.S. Forest Service, which manages the majority of forested land in this region, has a major responsibility for ensuring sustainability of natural resources and ecosystem services. That task will become more difficult in a warmer climate, especially if extreme events (drought, wildfire, insect outbreaks) become more common.
Restoration of streams is already underway in national forests, but the expectation that climate change will have significant negative effects on water adds urgency to restoration programs. Maintaining functional hydrologic systems is an underlying adaptation
strategy for many aspects of water management in the Blue Mountains. It will be especially important to reconnect floodplains and
retain water within mountain landscapes. Adaptation tactics include adding wood to streams, encouraging American beaver populations, and reducing impacts from livestock grazing. In addition, it will be important to adapt existing roads and infrastructure by
upgrading engineering standards (e.g., culvert size) and decommissioning roads that are particularly vulnerable to future flooding.
Most of these adaptation options are relevant for fisheries management, which also has ongoing restoration programs in the Blue
Mountains. Maintaining cold water in streams and other water bodies is a primary objective for adaptation, especially in areas where
it will be possible to retain cold water in future decades (coldwater refugia), typically at higher elevations. Sediment deposition from
increased flooding and wildfires will also damage aquatic habitat, and proactive management that can reduce this stressor will be
imperative for reproduction by bull trout and other species.
Increased frequency and extent of drought, wildfire, and insect outbreaks will be a major challenge for vegetation management in
a warmer climate. Focusing on maintaining productive, functional forests and other ecosystems that are resilient to disturbance will
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be a central adaptation strategy. Ongoing stand density management and hazardous fuel reduction are climate-smart practices, but
would need to be expanded to improve resilience across large landscapes. Special habitats (riparian areas, wetlands, groundwaterdependent ecosystems) are uncommon but critical for biodiversity. Controlling non-climate stressors such as non-native plant species and trampling by livestock is especially important in these habitats, which may see hydrologically mediated effects of climate
change in the near future.
The number of potential climate change effects, as well as the number of potential adaptation strategies and tactics, make it
imperative for resource managers in the Blue Mountains to coordinate efforts across disciplines and geographic locations. It will
not be possible to address all issues everywhere. Using a ‘‘climate change lens’’ to establish priorities for adaptation, and more
broadly for restoration, will increase the likelihood of success and ensure good investments across the landscape.

1. Introduction
This concluding article in a special issue of Climate Services
focuses on climate change adaptation in the Blue Mountains region
(Oregon and Washington, USA). Defined by the Intergovernmental
Panel on Climate Change as an ‘‘adjustment in natural or human
systems in response to actual or expected climatic stimuli or their
effects” (McCarthy et al., 2001), adaptation can help to reduce
harm or transition organisms and systems to new conditions in a
warmer climate. With 30 years of climate change science now
available, federal land managers have sufficient information to
start the adaptation process, and need to go beyond conceptual
frameworks to develop concrete practices and implement timely
actions on the ground.
Substantive planning and management for anticipated effects of
climate change on U.S. public lands are still in the early stages. This
slow response has been caused by real or perceived uncertainty of
effects on biophysical conditions, lack of institutional capacity
(budget and personnel) to address a major new topic, and until
recently, absence of a mandate to incorporate climate change in
agency operations. The U.S. federal government is now addressing
climate change adaptation in earnest. Over the past decade, the U.
S. Forest Service has established several science-management partnerships to address adaptation, providing strategic and on-theground approaches for adapting to climate change (Peterson
et al., 2011; Swanston and Janowiak, 2012).
The Blue Mountains Adaptation Partnership (BMAP) is a
science-management partnership focused on vulnerability assessment and adaptation planning for climate change in Malheur,
Umatilla, and Wallowa-Whitman National Forests (2.1 million hectares) in Oregon and Washington. The BMAP assessed vulnerability
of natural resources and infrastructure (water resources, fisheries,
vegetation, special habitats) (see other articles in this special issue)
as a foundation for developing options for adapting resources and
management to a changing climate.
After identifying key vulnerabilities for each resource sector, a
workshop was convened in La Grande, Oregon, in April 2014 to present and discuss the vulnerability assessment and to elicit potential
adaptation options from resource managers. The workshop included
an overview of adaptation principles (Peterson et al., 2011) and
examples of efforts to adapt to climate change in the Pacific Northwest. For each resource sector, participants were assembled in workgroups to identify adaptation strategies (general approaches) and
adaptation tactics (on-the-ground actions), as well as additional
information on opportunities and barriers for implementing adaptation. Workshop participants were asked to identify adaptation
options that were feasible in terms of effort, budget, and existing policies and laws. Facilitators captured information generated during the
workshops with a set of spreadsheets adapted from Swanston and
Janowiak (2012). Initial results from the workshops were augmented
through continued dialogue with Forest Service resource specialists
to ensure that all information was communicated accurately.
This article summarizes information elicited at the workshop
described above: options for adapting water resources, fisheries,

upland vegetation, and special habitats to a changing climate.
Because adaptation options were developed by national forest
resource managers in response to projected climate change effects,
those who use these adaptation options can be assured that the
strategies and tactics are grounded in practical knowledge of local
landscapes.
2. Adapting water resources to climate change
2.1. Water use
Adaptation options were developed after considering climate
change effects on lower summer streamflow, higher winter peak
streamflow, earlier peak streamflow, lower groundwater recharge,
and higher demand and competition for water by municipalities
and agriculture (Table 1). Adaptation strategies included: (1)
restore function of watersheds, (2) connect floodplains, (3) support
groundwater-dependent ecosystems, (4) reduce drainage efficiency, (5) maximize valley storage, and (6) reduce fire hazard.
The objective of most of these strategies is to retain water for a
longer period of time at higher elevations and in riparian systems
and groundwater of mountain landscapes. These strategies will
help maintain water supplies, especially during summer, and
reduce water loss when withdrawals are low.
The adaptation tactic of using a ‘‘climate change lens” generally
reinforces practices that support sustainable resource management. Potential risk and uncertainty can be included in this process
by considering a range of climate projections to frame decisions
about responses to climate change. User awareness of vulnerability
to shortages, reduced demand through education and negotiation,
and collaboration among users can support adaptation.
Many adaptation tactics to protect water supply are considered
‘‘best management practices (BMP),” for water quality protection,
and are required by the Forest Service in activities that may affect
water quality, including road management and water developments. A related tactic is improving roads and drainage systems
to maintain water within mountain watersheds. Although these
tactics are expensive, they greatly benefit water retention and erosion control. Climate change may compel more frequent maintenance and repair.
Several adaptation tactics related to biological components of
mountain landscapes can reduce the effects of climate change on
water resources. Reducing stand density and surface fuels in lowelevation coniferous forest reduces the likelihood of fires that can
damage soils, accelerate erosion, and degrade water quality. Vegetation treatments in high-snow areas may extend water yield into
the summer for a few years following treatment.
Stream restoration techniques that improve floodplain hydrologic connectivity increase water storage capacity. Meadow and
wetland restoration that removes encroaching conifers can
improve hydrologic function and water storage capacity. Adding
wood to streams improves channel stability and complexity, slows
water movement, improves aquatic habitat, and increases
resilience to both low and high flows. Increasing American beaver
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Table 1
Adaptation options that address climate change effects on water use.
Adaptation tactics
Sensitivity to climate change
Lower summer flows, higher winter peak flows, earlier peak flows, lower groundwater recharge, higher demand and competition for water by municipalities and
agriculture.
Adaptation strategy: Restore function of watersheds, connect floodplains, support groundwater-dependent ecosystems, reduce drainage efficiency, maximize valley
storage, reduce fire hazard.
 Add wood to streams and increase beaver populations
 Use a ‘‘climate change lens” during project analysis
 Improve livestock management to reduce water use
 Reduce surface fuels and stand densities in low-elevation forest
Adaptation strategy: Address demands for water, improve water conservation.
 Conduct integrated assessment of water and local effects of climate change
 Implement vegetation treatments in high water-retention areas (e.g., snow retention)
 Improve efficiency of drainage and ditches
 Treat roads where needed to retain water and maintain high water quality
Sensitivity to climate change
Road design and maintenance are sensitive to increasing flood risk, higher peak flows lead to increased road damage at stream crossings, safety is compromised by
extreme events.
Adaptation strategy: Increase resilience of stream crossings, culverts, and bridges to higher peak flows.
 Replace culverts with higher capacity culverts or other appropriate drainage in high-risk locations
 Complete geospatial database of culverts and bridges
Adaptation strategy: Facilitate response to higher peak flows by reducing the road system and thus flooding of roads and stream crossings.
 Decommission roads with high risk and low access
 Convert use to other transportation modes (e.g., from vehicle to bicycle or foot)
 Use the Travel Analysis Process to prioritize road management
 Use drains, gravel, and outsloping of roads to disperse water

(Castor canadensis) populations will create more ponds and lowvelocity channels that retain water.
Lower soil moisture and low flows in summer, combined with
increasing demand for water, can reduce water availability for aquatic resources, recreation, and other uses. However, water conservation techniques can reduce water use. For example, resource
managers can work with permittees to implement livestock management practices that use less water (e.g., install shut-off valves on
water troughs). Implementing water conservation and reducing user
expectations for water availability (through education) are inexpensive and complementary for maintaining adequate water supply.
At a broader level, it will be valuable to engage in integrated
assessments for water supply and local effects of climate change.
Vulnerability assessments for individual communities can provide
information on where and when water shortages may occur, so
tactics can be customized by location. Because discussions of water
use and water rights are often contentious, an open dialogue and
full disclosure of data and regulatory requirements will facilitate
agreements on proactive and fair management options.
2.2. Roads and infrastructure
Climate change adaptation options for roads and infrastructure
were developed after considering vulnerability of road design and
maintenance to flooding, effects of peak streamflows on roads, and
effects of extreme events on safety hazards (Table 1). Adaptation
strategies developed in response include increasing resilience of
stream crossings, culverts, and bridges to higher streamflow, and
increasing resilience of road systems to higher streamflows by
improving road design and reducing the road system.
The Forest Service Travel Analysis Process (USFS, 2005) and
BMPs help identify a sustainable transportation system, with climate change providing a context for appropriate design and management (Raymond et al., 2014; Strauch et al., 2014). This process,
which already addresses some vulnerabilities through decommissioning and stormproofing roads, culverts, and bridges, is more
sustainable if informed by climate change. Accurate databases of
roads, culverts, and bridges provide a foundation for long-term

evaluation and maintenance, facilitating timely actions to reduce
potential damage and repair costs.
National forests in the Blue Mountains have many culverts and
road segments that require repair, replacement, or upgrades. The
additional cost of upgrades to accommodate future hydrologic
regimes, compounded by limited budget, could restrict the ability
of national forests to adapt. Roads and culverts damaged by
extreme flooding can be considered opportunities to install new
structures that can accommodate higher peak flows. These replacements can be difficult to fund under current Federal Highway
Administration eligibility requirements, because current policy is
to replace the same road or other structure in the same location.
Replacements based on projected peak flows as influenced by climate change would promote long-term sustainability of the transportation system.
Reducing the extent of the road system is a cost-effective
approach to sustainability, requiring less maintenance in the face
of climate change effects. Road segments appropriate for decommissioning typically have low demand for access, high risks to
aquatic habitat, or a history of frequent failures. Engineering
assessments for road decommissioning focus on roads in basins
with high risk of increased flooding, often in floodplains of rivers
and adjacent low terraces. Information on vulnerable locations in
the transportation system (Strauch et al., 2014) can be combined
with geospatial data on flood risk and infrastructure condition to
identify locations where damage is most likely to occur in the
future. Public involvement in road decisions and adjusting visitor
expectations can help reduce acrimony that often accompanies
road decommissioning.
The cost of relocating buildings and historical sites from vulnerable locations (e.g., floodplains) is typically prohibitive, so prevention of flood damage may be the only viable adaptation tactic.
Stabilizing streambanks through bioengineering techniques (e.g.,
large logs) may have less environmental impact than concrete
structures. Protecting infrastructure in place will be difficult, and
unrealistic in some situations, especially as flood risk increases.
As the climate continues to warm, the susceptibility of (expensive)
facilities and infrastructure in national forests will become a more
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important component of resource management, especially when it
affects public safety.

3. Adapting fisheries to climate change
Management strategies and tactics for increasing resilience of
fish populations to a warmer climate in the western United States
are well documented (Isaak et al., 2012; Luce et al., 2013; Mantua
and Raymond, 2014; Rieman and Isaak, 2010). This documentation
and additional feedback from resource specialists at the BMAP
workshop contributed to a summary of climate change adaptation
options for the Blue Mountains (Table 2). A strategic approach to
implementation of climate-smart management actions and watershed restoration will ensure that high-priority actions occur in
high-priority locations. This is especially true for stream restoration, already well underway in the Blue Mountains, which will
need to consider how a warmer climate will affect biophysical conditions in the future (Beechie et al., 2012).
3.1. Shifts in timing and magnitude of streamflow
The effects of increasing temperature in reducing mountain
snowpack has already been documented in the Pacific Northwest,
including the Blue Mountains. Assuming that this trend continues,
hydrologic regimes will be increasingly dominated by rainfall and
decreasingly dominated by snow except at the highest elevations,
which will in turn alter the timing and magnitude of streamflows.
Winter peak flows will be higher, and extreme flows will be more
frequent and of higher magnitude than they are at the present
time, creating stress for some fish species.

Maintaining the integrity and functionality of streams will be
critical for minimizing the effects of higher winter flows on physical and biotic elements of aquatic ecosystems (Table 2). This can
be partially accomplished by increasing soil water storage in floodplains and on hillslopes to maintain instream baseflows, thus
reducing the variability and extremes of stormflows. Current
stream networks are often fragmented by roads and water diversions. Reducing fragmentation will improve access of aquatic
organisms to favorable habitats during extreme flows. Better information about streamflow regimes will provide a good foundation
for effective climate change adaptation and stream restoration
(Luce et al., 2012; Wigington et al., 2013).
A variety of management tactics can be used to alter the effects
of increasing winter streamflows, including managing upland and
riparian vegetation to retain water, managing roads to reduce runoff, reconnecting and increasing off-channel habitat in side channels and wetlands, and promoting American beaver populations
to retain water and minimize extreme flows (Pollock et al.,
2014). In some cases, agreements and water swaps with downstream landowners with leased water rights can reduce stressful
low-flow conditions and benefit migrating spring Chinook populations, as well as sustain headwater areas for bull trout spawning
and rearing. Coordinating adaptation tactics with existing stream
management and restoration efforts conducted by the Forest Service and other landowners will help ensure long-term effectiveness and may reduce costs (Rieman et al., 2015).
3.2. Increased disturbance effects on sediment and debris flows
Increased frequency and extent of wildfire are a near certainty
in the Blue Mountains region. Increased area burned plus increased

Table 2
Adaptation options that address climate change effects on fisheries.
Adaptation tactics
Sensitivity to climate change
Shift in hydrologic regime involving changes in timing and magnitude of flows, including lower summer flows and higher winter peak flows.
Adaptation strategy: Maintain or restore natural flow regime.
 Protect groundwater and springs
 Restore riparian areas and beaver populations to maintain summer baseflows
 Address water loss at water diversions and ditches
 Reconnect and increase off-channel habitat and refugia in side channels
 Revegetate, use fencing to exclude livestock
 Disconnect roads from streams
Adaptation strategy: Address demands for water, improve water conservation.
 Implement vegetation treatments in high water-retention areas (e.g., snow retention)
 Improve efficiency of drainage and ditches
 Treat roads where needed to retain water and maintain high water quality
Adaptation strategy: Decrease fragmentation of stream network.
 Identify stream crossings that impede fish movements and prioritize culvert replacements
 Use stream simulation design (e.g., bottomless arches), adjusting designs to provide low-flow thalweg
 Maintain minimum streamflows (obtain water rights, install modern flow structures, etc.)
 Design channels at stream crossings to provide a deep thalweg for fish passage
 Design stream crossings to accommodate higher peak flows
Sensitivity to climate change
Streams and other water bodies will be affected by more wildfires and sediment pulses.
Adaptation strategy: Develop wildfire use plans that address sediment inputs and road failures, reduce sediment input from roads and management activities.
 Restore and revegetate burned areas to store sediment and maintain channel geomorphology
 Develop a geospatial layer of debris flow potential
 Use appropriate tools to calculate runout distance and woody debris source areas
Adaptation strategy: Identify hillslope landslide hazard areas and at-risk roads as part of fire planning.
 Link stream inventory with topographic, geomorphic, and vegetation layers to assess existing hazard and risk
 Develop a process to prioritize tactics needed to protect multiple fish species and populations
Sensitivity to climate change
Stream temperatures will increase from rising air temperatures and declining summer flows.
Adaptation strategy: Maintain or restore natural thermal conditions.
 Maintain or restore riparian vegetation to ensure channels are not exposed to increased solar radiation
 Manage livestock grazing to restore ecological function of riparian vegetation and streambank conditions
Adaptation strategy: Develop better information about stream temperature regimes.
 Increase temperature data collection and monitoring to improve hydrologic models
 Increase floodplain connectivity and water storage to improve hyporheic and baseflow condition
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fire intensity will cause increased sediment removal from hillslope
locations, including episodic and chronic delivery of sediment to
stream channels. Some life-history stages of anadromous fish are
affected by increased sediment, depending on timing and magnitude of deposition. Large debris flows can be especially damaging,
leading to long-term degradation of aquatic habitat. Wildfire use
plans that address streams and aquatic habitat can help reduce
disturbance-related sediment input following wildfire (Table 2).
Identifying landslide hazard areas and susceptible roads prior to
the occurrence of wildfire and as part of fire planning can help
reduce the effects of erosion.
Restoring and revegetating burned areas, which are a component of Burned Area Emergency Rehabilitation programs following
large wildfires, can help to store sediment and maintain channel
geomorphology. Effective implementation will require a comprehensive pre-fire assessment of geomorphic hazards, especially in
areas known to experience debris flows. Analytical and decision
support tools are available to calculate debris flow runout distance
and other parameters needed to map the location of hazards and
develop risk assessments. Coordination with resource specialists
and programs in vegetation, fire, hydrology, geology, and soils will
improve overall resilience for multiple resources. Because of the
amount and diversity of stream systems in mountain landscapes,
it will be desirable to prioritize adaptation tactics for managing
multiple fish species and populations in the face of increasing
disturbance.

3.3. Increased stream temperatures
Increasing stream temperatures, combined with decreasing
summer flows, will be one of the most serious climate change
stresses for several fish species in the Blue Mountains region.
Increased temperatures are expected to be extensive and to occur
in the near future at lower elevations where some species may
already be at the limit of thermal tolerance during the summer.
Considerable variation exists in thermal regimes as a function of
water sources (Ebersole et al., 2003, 2015; Fullerton et al., 2015),
topography, and aspect, which in turn affect where and how management actions can be implemented to maintain cool water.
The most effective strategy for moderating future increases in
stream temperatures is maintenance, and in some cases, restoration of natural thermal conditions. Increasing connectivity within
stream networks will be especially important, providing aquatic
organisms with year-round access to cold water, especially during
hot periods in summer. A climate-smart approach to managing for
cold-water refugia will be possible only if the spatial distribution of
stream temperatures is well understood. The NorWeST stream
temperature network (http://www.fs.fed.us/rm/boise/AWAE/projects/NorWeST.html) provides a quantitative foundation for sitespecific application of adaptation tactics for current and future
thermal conditions.
Increasing the resilience of fish populations to higher stream
temperature can be achieved by maintaining existing coldwater
refugia and improving the condition of streams that are vulnerable
to higher air temperature. Restoring riparian vegetation improves
long-term hydrologic function, thus minimizing exposure of
stream channels to solar radiation. Increasing floodplain connectivity, diversity, and water storage will improve hyporheic and
baseflow conditions. In addition, reducing damage by livestock
grazing on riparian vegetation and streambanks can improve ecological and hydrologic conditions, although it may face opposition
from ranchers who use national forests for grazing. Effectiveness of
adaptation tactics will be improved if stream temperature data and
long-term monitoring are used to guide on-the-ground
implementation.
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3.4. Changes in headwater and intermittent streams
Headwater and other intermittent streams and water bodies
(e.g., springs, ponds) provide critical local and seasonal habitat
for fish and other aquatic organisms. Although these water sources
are ephemeral, they can moderate downstream water temperature, quantity, and quality (Ebersole et al., 2015). Intermittent
streams will be especially vulnerable to the effects of increasing
wildfire on sediment pulses, as well as altered flood pattern and
magnitude.
As noted above, wildfire use plans can help reduce the effects of
increasing fire disturbance and identify locations that contain
landslide hazards and susceptible roads (Tables 1 and 2). Restoring
and revegetating burned areas, which can improve sediment storage and geomorphic integrity of stream channels following large
wildfires, will be more effective if informed by pre-fire assessment
of hazards, especially areas prone to debris flows. Coordination
with resource specialists and programs in vegetation, fire, hydrology, geology, and soils will facilitate protection of multiple
resources across broad landscapes.
4. Adapting upland vegetation to climate change
Although the effects of increasing disturbance on terrestrial
ecosystems will be highly dispersed through space and time, many
adaptation options are available to increase resilience to climate
change (e.g., Halofsky et al., 2011; Raymond et al., 2014). Based
on vulnerability assessment information and on documented adaptation principles (Millar et al., 2007; Peterson et al., 2011;
Swanston and Janowiak, 2012), BMAP workshop participants identified a broad range of adaptation strategies and tactics for adapting vegetation and vegetation management to climate change
(Table 3). Adaptation options focus on potential increases in fire
and invasive species, insect outbreaks, and droughts, and on effects
of increasing temperatures on high-elevation plant communities.
4.1. Increased fire and invasive species establishment
Increased temperatures will almost certainly lead to increased
area burned by wildfire (McKenzie et al., 2004; Littell et al.,
2009). Therefore, managing vegetation to decrease fire severity
and patch size can help to protect areas that contain old trees
(Table 3). For example, incorporating gaps within forest stands
decreases stem density and fuel continuity, which may reduce
wildfire intensity and protect old trees (Churchill et al., 2013;
Stine et al., 2014). Management practices such as prescribed fire
and managed wildfire can help fire play a more ‘‘natural” role in
ecosystem function, increasing resilience to fire in a warmer climate (Stephens et al., 2010; Stine et al., 2014).
Increased wildfire extent in shrubland and grassland systems
will probably cause increased mortality of shrub species and native
grasses, as well as increased abundance of non-native species,
especially annual grasses (Creutzburg et al., 2015). Adaptation
strategies and tactics that address these vulnerabilities include
modification of grazing management (e.g., avoid grazing practices
that promote non-native species establishment), active restoration
of less resilient sites (e.g., plant natives in sites dominated by nonnative species), and management of soil resources to maintain stability and productivity (e.g., stabilize eroded areas by planting
native vegetation).
4.2. Increased insect outbreaks
Native insect species have long played a role in Blue Mountain
ecosystem dynamics, and increasing insect-caused tree mortality is
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Table 3
Adaptation options that address climate change effects on vegetation.
Adaptation tactics
Sensitivity to climate change
Larger and more severe fires will occur in forest ecosystems.
Adaptation strategy: Manage forest vegetation to reduce severity and patch size, protect refugia.
 Map fire refugia
 Use gaps and other methods in silvicultural prescriptions to reduce fuel continuity
 Identify processes and conditions that create fire refugia
Adaptation strategy: Manage forest landscapes to encourage fire to play a natural role.
 Implement fuel breaks at strategic locations
 Identify areas where managed wildfire may facilitate management objectives
 Implement strategic density management through forest thinning
Sensitivity to climate change
Higher wildfire frequency will increase shrub mortality and dominance of invasive species.
Adaptation strategy: Increase resilience of native sagebrush-grass ecosystems.
 Promote the occurrence and growth of early-season native species
 Reduce grazing in July and August to encourage perennial growth
 Revise grazing policies, review and evaluate grazing allotment plans
Adaptation strategy: Maintain vigorous growth of native shrub, perennial grass, and other perennial species, minimize the spread of invasive species
 Remove encroaching conifers
 Plant seed of native species
 Monitor successional patterns of vegetative communities
Sensitivity to climate change
Increased fire frequency and intensity will reduce dominance of native grasses and increase dominance of non-native species.
Adaptation strategy: Increase resilience of native perennial grasses and other non-forest vegetation
 Apply prescribed burning in spring
Adaptation strategy: Manage grazing by livestock and ungulates to reduce impacts on perennial grasses
 Focus grazing on non-native species in spring, do not graze natives in summer
 Find locations where late-season grazing has minimal impacts
Adaptation strategy: Manage fire to avoid increase in non-native annual species.
 Apply prescribed burning in spring
Adaptation strategy: Manage soil conditions to avoid increased runoff after wildfire.
 Maximize native vegetative ground cover
 Decrease resilience of existing non-native species with appropriate management practices
 Identify and promote early-successional natives that compete with non-natives
Sensitivity to climate change
Higher temperatures and increased fire frequency and intensity will reduce dominance of native grasses and increase dominance of non-native species
Adaptation strategy: Increase resilience of native perennial grasses and other non-forest vegetation.
 Apply prescribed burning in spring
Adaptation strategy: Manage grazing by livestock and ungulates to reduce impacts on perennial grasses.
 Focus grazing on non-native species in spring, do not graze natives in summer
 Find locations where late-season grazing has minimal impacts
Adaptation strategy: Manage fire to avoid increase in non-native annual species.
 Apply prescribed burning in spring
 Maximize native vegetative ground cover
Adaptation strategy: Determine potential resilience of different locations, restore less resilient sites.
 Increase resilience of native species where intact or productive communities exist
 Decrease resilience of existing non-native species with appropriate management practices
 Identify and promote early-successional natives that compete with non-natives
Sensitivity to climate change
The extent and severity of insect disturbances in forest ecosystems will increase.
Adaptation strategy: Recognize natural role of insect disturbances, identify areas at high risk.
 Allow for natural mortality within the historical range of variability for specific insects
 Restore low-severity fire in dry forests to reduce stand density and increase resilience to bark beetles
Adaptation strategy: Promote diversity of forest age and size classes in forest types where insect risk is high.
 Diversify large, contiguous areas of single-age and single-size classes
Sensitivity to climate change
A warmer climate with more droughts will reduce growth in most forests and make regeneration more difficult for some species.
Adaptation strategy: Protect genotypic and phenotypic diversity.
 Protect trees that exhibit adaptation to water stress, collect seed for future regeneration
 Maintain variability in species and tree architecture
Adaptation strategy: Maintain forest productivity, focus on functional ecosystems.
 Manage tree densities to maintain tree vigor and growth potential
 Prepare for species migration by managing for multiple species across large landscapes
 Maintain soil productivity through appropriate silvicultural practices
Adaptation strategy: Use judicious managed relocation of genotypes where appropriate
 Push boundaries of seed zones and plant genotypes from warmer locations, using a variety of genotypes rather than just one
Adaptation strategy: Use tree improvement programs to ensure availability of drought-tolerant species and genotypes
 Develop seed orchards that contain a broader range of tree species and genotypes than in the past
Sensitivity to climate change
Higher temperatures and increasing drought will stress some species in moist mixed-conifer forests.
Adaptation strategy: Maintain vigorous western larch and encourage its regeneration.
 Create gaps in forests to reduce competition and increase larch vigor
 Regenerate larch with appropriate site preparation (e.g., prescribed burning, followed by planting)
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Table 3 (continued)
Adaptation tactics
Sensitivity to climate change
Higher temperatures may increase stress for some species in cold upland and subalpine forests.
Adaptation strategy: Protect rare and disjunct tree species (Alaska cedar, limber pine, mountain hemlock, whitebark pine).
 Plant and encourage regeneration of rare and disjunct species in appropriate locations
 Plant whitebark pine genotypes that are resistant to white pine blister rust
Sensitivity to climate change
Higher temperatures may increase stress for some alpine plant species.
Adaptation strategy: Improve our understanding of climate change effects on alpine plant species.
 Install long-term vegetation plots to monitor species distribution and abundance
 Collaborate with other federal agencies to monitor alpine species

a realistic expectation in a warmer climate. Some management
actions may increase ecosystem resilience to native insect outbreaks, especially mountain pine beetle (Dendroctonus ponderosae)
and other bark beetles. For example, restoring historical fire
regimes in dry forests, and increasing diversity of forest structure
may help minimize the effects of insect outbreaks (Churchill
et al., 2013). Increasing tree species diversity may also help to confer resilience to insect outbreaks (Dymond et al., 2014) in locations
with relatively low species diversity, such as stands where ponderosa pine (Pinus ponderosa) and western larch (Larix occidentalis)
were removed and grand fir (Abies grandis) dominates.
4.3. Increasing temperatures and droughts
Increasing temperatures are expected to decrease productivity
in water-limited forests and inhibit regeneration of some species
(Littell et al., 2008; Restaino et al., 2016). Protecting trees that exhibit adaptation to water stress, collecting seed from those individuals for future regeneration, and developing plans for propagation of
appropriate nursery stock could help increase resilience to water
stress (Table 3). Seed orchards with tree species and genotypes that
are adapted to drought, disturbance and some diseases (e.g., white
pine blister rust) will help with revegetation in a warmer climate.
Managers may also want to push the limits of seed zone boundaries and plant genotypes from lower elevations and more southern latitudes.
In a warmer climate, maintaining forest productivity and
ecosystem function will be a more practical adaptation strategy
than managing for specific species in specific locations, although
focused protection is still relevant for species such as western
larch, which is considered susceptible to increased drought stress
in mixed conifer forests. Silvicultural practices that maintain stem
densities at levels that maximize tree growth and vigor and protect
soil productivity will generally help maintain ecosystem function
during drought stress.
4.4. Increasing temperatures in alpine and subalpine ecosystems
Higher temperatures are likely to increase water stress for some
species in cold upland and subalpine plant communities. Rare and
disjunct populations of species such as Alaska cedar (Callitropsis
nootkatensis), limber pine (Pinus flexilis), whitebark pine (P. albicaulis), and mountain hemlock (Tsuga mertensiana) may require
protection to ensure their continued survival in a warmer climate.
Planting in locations that minimize future water stress could help
prevent loss of these populations. Planting whitebark pine genotypes that are resistant to white pine blister rust (Cronartium ribicola) will be critical for long-term survival. For alpine plant
communities, monitoring of species occurrence and vigor will be

necessary to understand the ongoing effects of climatic variability
and change.
5. Adapting special habitats to climate change
As noted above, management options for increasing resilience
of upland vegetation in the Pacific Northwest to a warmer climate
are well documented. Adaptation options for vegetation associated
with specific hydrologic conditions are less common, although
high biological diversity has been documented for these habitats
in mountain ecosystems. Adaptation options for water resources
(see above) are often synonymous with or similar to adaptation
options relevant for vegetation in special habitats (e.g., maintaining and restoring instream flows). This information, combined with
feedback from resource specialists in the BMAP workshop, were
used to develop adaptation options for riparian areas, wetlands,
and groundwater-dependent ecosystems (GDEs) in the Blue Mountains (Table 4). Conservation of special habitats is at the interface
of vegetation and stream restoration, creating opportunities for
coordination of restoration programs and on-the-ground actions.
5.1. Riparian areas and wetlands
Productivity of riparian areas and wetlands is expected to
decrease in the future as snowpack declines and evapotranspiration increases, causing more variable streamflow and lower water
supply during the growing season. Maintaining appropriate densities of native species, propagating drought tolerant native species,
and controlling non-native species are strategies that will increase
resilience of special habitats to a warmer climate (Table 4). Retaining plant species with a broad range (wet to dry) of moisture tolerances (e.g., Lewis’ mock orange [Philadelphus lewisii]), will maintain
resilience to variable water availability. In addition, removing
infrastructure that causes soil compaction and other damage
(e.g., campsites, utility corridors) will allow natural physical processes to occur and improve hydrologic function.
Improving bank stability to reduce erosion and enhance native
vegetation is a particularly important adaptation strategy that
improves riparian conditions (Kauffman et al., 2004). Livestock
grazing has caused considerable damage to riparian systems in
the Blue Mountains over many decades. Using fencing and restrotation grazing to reduce damage is critical in riparian areas that
are heavily used by livestock, although opposition from range permittees is likely if grazing access is restricted. Fencing to exclude
native ungulates can also be considered along streams where
deciduous vegetative cover is highly valued.
Riparian areas and wetlands are important components of most
alpine and subalpine ecosystems. Reducing existing stresses—conifer encroachment, livestock grazing, and ungulate browsing—is an
important adaptation strategy in these systems. Specific adapta-
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Table 4
Adaptation responses to climate change for riparian and wetland systems.
Adaptation tactics
Sensitivity to climate change
Shifts in hydrologic regime include changes in timing and magnitude of flows, lower summer flows, and higher, more frequent winter peak flows. Reduced snowpack
will decrease water supply during growing season and lead to more variable streamflow, thus reducing productivity in riparian ecosystems.
Adaptation strategy: Maintain appropriate densities of native species, propagate more drought tolerant native species.
 Plant species that have a broader range of moisture tolerance
 Eradicate and control invasive species where possible
 Remove infrastructure where appropriate (e.g., campsites, utility corridors)
Adaptation strategy: Maintain or restore natural flow regime.
 Develop integrated tactics to maintain or restore natural flows, acquire instream flow rights where possible
 Restore riparian areas and beaver populations to maintain summer baseflows
 Address water loss at points of water diversion and along ditches
 Anticipate new proposals for development of water infrastructure (e.g., reservoir expansions)
 Reconnect and increase off-channel habitat and refugia in side channels
 Revegetate, fence to exclude livestock, acquire water rights
Adaptation strategy: Improve soil health (including bank stability) and increase resilience of native vegetation.
 Reduce degradation by livestock, fence riparian areas, use rest rotation
 Manage fuel loads with prescribed fire and mechanical treatments
Sensitivity to climate change
Reduced snowpack will decrease water supply during growing season and lead to more variable streamflow, thus reducing productivity in riparian systems in alpine
and subalpine ecosystems.
Adaptation strategy: Reduce stresses from conifer encroachment, livestock grazing, and ungulate browsing.
 Consider riparian fuel reduction strategies in forested subalpine areas, including small-scale fuel breaks
 Reduce degradation by livestock
Sensitivity to climate change
Reduced snowpack will decrease water supply during growing season, thus reducing productivity in groundwater dependent systems, including springs and wetlands.
Adaptation strategy: Manage for resilience of springs and wetlands by including uplands.
 Consider impacts and potential benefits of vegetation management treatments (e.g., prescribed fire)
 Protect groundwater recharge areas
Adaptation strategy: Manage water to maintain springs and wetlands, improve soil quality and stability.
 Decommission roads and reduce road connectivity
 Maintain water on site through water conservation techniques (e.g., float valves, diversion valves)
 Collect no more water than is sufficient to meet the intended purpose of spring development
 Include implementation monitoring and effectiveness monitoring to evaluate water conservation projects
 Relocate water troughs away from springs and riparian areas to limit trampling
 Change duration, season, or intensity of grazing if it inhibits natural recovery

tion tactics include controlling livestock grazing, and removing
non-native species where feasible, especially following wildfire.
Collaboration with range permittees and fire managers, and coordination with ongoing restoration activities, are a necessity for successful adaptation.
5.2. Groundwater-dependent ecosystems
Reduced snowpack is expected to decrease water supply, potentially reducing productivity in GDEs. Managing for system functionality in the context of the broader forest landscape will be a
critical adaptation strategy, because structure and function of GDEs
are influenced by surrounding vegetation and hydrology. Maintaining water supply and improving soil quality and stability are
important adaptation strategies. Decommissioning roads and
reducing road connectivity will increase interception of precipitation and local retention of water. Similar to riparian areas and wetlands, trampling of GDEs by livestock and native ungulates can be
reduced with fencing. Finally, water can be maintained for developed springs through improved engineering. It should be noted
that these tactics require significant costs, and may face opposition
from range permittees and the general public.
Scientific literature on GDEs is minimal compared to upland
systems, because subterranean systems are difficult to access, limiting inferences and actions about groundwater resources in forest
management. A framework for managing groundwater resources
in national forests is needed, including assessment of the effects
of management actions on groundwater, guidance on how groundwater is considered in agency activities, and evaluation of effects of
groundwater withdrawals. A strategic approach through which

groundwater and vegetation can be jointly managed will improve
effectiveness of conservation in riparian areas, wetlands, and GDEs.
6. Conclusions
The BMAP science-management partnership and process were
as important as the products that were developed, because partnerships are the cornerstone of successful agency responses to climate change. This partnership was focused on national forests,
although most of the information is relevant for other land management agencies and stakeholders in the Blue Mountains region.
Implementing adaptation is a challenging next step for the BMAP.
Although implementing all adaptation options described here may
not be feasible, resource managers can choose from the menu of
options as needed. This can occur gradually over time, often motivated by extreme weather and large disturbances, and facilitated
by changes in policies, programs, and land management plan revisions. The effectiveness of ongoing restoration programs may
depend on timely integration of climate-smart management.
In several cases, similar adaptation options were identified for
more than one resource sector, suggesting a need for integration
across multiple disciplines. Adaptation options that yield benefits
to more than one resource will generally have the greatest benefit
(Halofsky et al., 2011; Peterson et al., 2011). Management activities
focused on reducing fuels, modifying forest species composition,
and restoring hydrologic function are standard practices, demonstrating that much current resource management is already climate smart. The magnitude and likelihood of some changes
occurring in the near future (especially for water resources and
fisheries) are high, necessitating timely implementation of adapta-
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tion. Realistically, putting adaptation on the ground will often be
constrained by funding, conflicting priorities, and regulations.
The Forest Service Planning Rule of 2012 requires that climate
change be considered in all aspects of planning. Specific applications include (1) land management plans in national forests, (2)
resource management strategies (e.g., fire management plans),
(3) National Environmental Policy Act (NEPA) documents (e.g.,
environmental impact statements), (4) resource monitoring plans,
and (5) restoration plans for aquatic and terrestrial ecosystems. We
anticipate that climate change awareness, climate-smart management, and implementation of adaptation in the Blue Mountains
region will increase over the next decade, especially if the institutional capacity of federal agencies to manage for climate change
increases.
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