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Abstract Multiple climate change vulnerability assessments in the Pacific Northwest region of the
USA provide the scientific information needed to begin adaptation in forested landscapes. Adapta-
tion options developed by resource managers in conjunction with these assessments, newly
summarized in the Climate Change Adaptation Library of the Western United States, provide an
extensive choice of peer-reviewed climate-smart management strategies and tactics. More adapta-
tion options are available for vegetation than for any other resource category, allowing vegetation
management to be applied across a range of spatial and temporal scales. Good progress has been
made in strategic development and planning for climate change adaptation in the Northwest,
although on-the-ground implementation is in the early stages. However, recent regulatory mandates
plus the increasing occurrence of extreme events (drought, wildfires, insect outbreaks) provide
motivation to accelerate the adaptation process in planning and management on federal lands and
beyond. Timely implementation of adaptation and collaboration across boundaries will help ensure
the functionality of Northwest forests at broad spatial scales in a warmer climate.

1 Introduction

Forests in the Pacific Northwest region of the USA (Washington, Oregon, Idaho, western
Montana) provide many ecosystem services, including timber, water, food, bioenergy, plant
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and animal habitat, recreation opportunities, and cultural values. Climate change will likely
affect the provisioning of these forest ecosystem services (Seidl et al. 2016), resulting in shifts
in forest productivity (Latta et al. 2010; Littell et al. 2013), disturbance regimes (Stavros et al.
2014), and species composition (Littell et al. 2010). Increased temperatures over the last
several decades in the Pacific Northwest (Abatzoglou et al. 2014) have already led to changes
in hydrological processes, including reductions in snowpack (Mote 2006), mountain precip-
itation (Luce et al. 2013), and streamflow (Luce and Holden 2009). Across the western U.S.,
there have been increases in area affected by wildfire (Westerling et al. 2006) and insect
outbreaks (Meddens et al. 2012). These trends are likely to continue as temperatures increase
in the coming decades, with disturbance driving forest ecosystem change (Millar and
Stephenson 2015).

To minimize the negative effects of climate change on forests and the services they provide,
forest owners and natural resource managers need information to understand and address the
potential effects of climate change. In recent years, governmental and nongovernmental
organizations have been developing climate change vulnerability assessments and exploring
adaptation options (Bierbaum et al. 2013), and public, private, and tribal land managers are all
interested in these products. Federal land management agencies in the USA are required to
evaluate the potential risks associated with climate change to minimize short- and long-term
effects on their operations and mission. Many federal agencies have now developed general
climate change vulnerability assessments, adaptation plans, and strategies for addressing
climate change (Halofsky et al. 2015).

Despite the recent progress, development of local to regional-scale vulnerability assess-
ments and adaptation plans has been slow and uneven across agencies and organizations
(Bierbaum et al. 2013; Halofsky et al. 2015). Much of the progress to date has been
accomplished through science-management partnerships, which have emerged as effective
catalysts for developing vulnerability assessments and land management adaptation plans at
both strategic (general) and tactical (on-the-ground) levels (Peterson et al. 2011; Littell et al.
2012; Swanston and Janowiak 2012; Cross et al. 2013; Halofsky et al. 2014). Science-
management partnerships typically involve iterative exchange of information on regional
climatology and climate change effects from scientists, and of information on local climate
(and weather), ecology, and management from managers and/or private landowners (Peterson
et al. 2011). This iterative information sharing aids identification of key vulnerabilities to
climate change at the local scale, setting the stage for developing place-based adaptation
strategies and tactics (Halofsky et al. 2014).

We initiated four science-management partnerships to support climate change vulnerability
assessments and adaptation on U.S. Forest Service and National Park Service lands in the
Pacific Northwest (Fig. 1). Goals of the partnerships were to (1) provide climate change
education for resource managers; (2) synthesize published information and data to assess the
vulnerability of key resources; (3) develop science-based adaptation strategies and tactics that
will help to mitigate the negative effects of climate change and assist the transition of
biological systems to a warmer climate; and (4) implement climate-informed practices in
long-term planning and management. We describe here the process and outcomes of these
adaptation partnerships, encompassing 21 national forests and 6 national parks. Specifically,
we present the results of the climate change vulnerability assessments for forest vegetation and
a library of adaptation strategies and tactics for forest resource management, representing the
outcome of 8 years of adaptation partnership work. Themes and potential applications of the
library in forest vegetation management are discussed.
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2 Methods

Four climate change adaptation partnerships, including the Olympic, North Cascadia, Blue
Mountains, and Northern Rockies Adaptation Partnerships, were initiated from 2008 to 2016
(Fig. 1, Table 1). Each adaptation partnership involved the following: (1) initial climate change
education; (2) multi-disciplinary science-based vulnerability assessments; (3) development of
adaptation strategies and tactics in hands-on science-management workshops; and (4) publi-
cation of peer-reviewed reports describing the vulnerability assessment and adaptation options.
Scientists from the Forest Service, other federal agencies, and universities (see Table 1)
developed state-of-science climate change vulnerability assessments for forest vegetation.
Vulnerability assessments considered the sensitivity (susceptibility to harm) and adaptive
capacity (capacity to cope and adapt) of species and ecosystems of interest (Noble et al.
2014). Potential exposure to climate change, a component of risk, was also assessed using
recent regional climate science analyses (Mote and Salathe 2010; Dalton et al. 2013).

Vulnerability assessments synthesized the best available science, evaluating quality and
relevance for each application, and identifying geographic locations with high vulnerability.
All assessments evaluated vulnerability of vegetation types, and the Northern Rockies assess-
ment included species vulnerabilities. In assessing vulnerabilities, scientists considered studies
of long-term paleo-climate and species distribution, fire histories, and trends in vegetation with
recent climate change. Vegetation impact model projections were also considered, as available,
including new analyses using the MC1 (and the newer version, MC2) dynamic global
vegetation model (Bachelet et al. 2001). Teams focused on effects and projections specific
to the region of interest, and scientists worked with specialists to aid interpretation and apply
information locally.

Based on initial vulnerability assessments, adaptation strategies and tactics were developed
in a series of 2-day hands-on scientist-manager workshops. The first half to full day of the
workshops was devoted to scientists’ (or scientist-manager teams’) presentations on future
climate projections and vulnerability assessments for multiple resource areas (e.g., water, fish,
vegetation, wildlife, recreation). Participants were then separated into work groups by resource
area to (1) identify key climate change vulnerabilities; and for each key vulnerability (2)

Fig. 1 Locations of the national forests and national parks involved in four climate change adaptation
partnerships in the western United States. Private lands in the region are shown in pink, and other national
forests (not involved in the assessments described here) are shown in gray. Map by R. Norheim
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develop (feasible) general adaptation strategies or approaches; and (3) develop specific on-the-
ground tactics or actions. Each work group had a facilitator and note taker, and key vulner-
abilities, and adaptation strategies and tactics were recorded using worksheets adapted from
Swanston and Janowiak (2012). While complete group consensus was not required, strategies
and tactics recorded in the worksheets were generally agreed upon by group members.
Scientists played only a consulting role in the work groups. Participating resource managers
had 10–35 years of forest management experience, making them well-qualified to provide
expert judgments about responses to climate change. Resource managers were also diverse in
terms of area of expertise, age, and experience in natural resources, resulting in diverse
perspectives and ideas for adaptation to climate change.

Results of vulnerability assessments and adaptation workshops were compiled and incor-
porated into chapters of technical reports for the Olympic (Halofsky et al. 2011a), North
Cascadia (Littell et al. 2014), Blue Mountains (Kerns et al. 2016), and Northern Rockies
(Keane et al. 2017). Draft chapters were first reviewed and edited by editorial teams of
scientists. Then, each chapter, including the adaptation strategies and tactics, was peer-
reviewed both internally (by Forest Service managers and other project participants) and
externally by at least two scientists (and at least one external to the Forest Service). Thus,
the adaptation strategies and tactics presented here were vetted and peer-reviewed at four
points in the process: (1) in work group discussions at the workshops, (2) in the initial editorial
process, (3) during the internal review, and (4) during the external review.

3 Results

3.1 Key climate change vulnerabilities for forest vegetation

In the Northwest climate, topography generates orographic effects that affect forest composi-
tion, producing an assemblage of plants locally adapted to climate. Mountain ranges of the
Northwest interact with wet-marine air masses from the Pacific Ocean and dry-continental air
masses to produce strong west-east moisture and temperature gradients. West of the Cascade
Range, forests experience ample moisture and mild temperatures which are conducive for
Douglas-fir (Pseudotsuga menziesii), red alder (Alnus rubra), western hemlock (Tsuga
heterophylla), Sitka spruce (Picea sitchensis), bigleaf maple (Acer macrophyllum), western
redcedar (Thuja plicata), and lodgepole pine (Pinus contorta var. latifolia). Productivity in
these moist forests is limited by temperature as well as light due to cloud cover and
competition. In comparison, forests of the interior Northwest, west of the Rocky Mountain
Range, experience moisture deficits and warmer temperatures that engender dry forests that are
favorable for ponderosa pine (Pinus ponderosa), lodgepole pine, Douglas-fir, western juniper
(Juniperus occidentalis), white fir (Abies concolor), grand fir (Abies grandis), and quaking
aspen (Populus tremuloides).

Trees are locally adapted to climate in the Northwest and tolerate moderate changes in
climate. However, large and rapid changes in climate may be beyond the capacity of some
species to endure (Chmura et al. 2011). Across the Northwest, climate change projections for
the end of the century (2070–2099) suggest an increase in average annual temperature of 2–
6 °C (Abatzoglou and Brown 2012; Abatzoglou 2013). Precipitation projections are uncertain,
but lower snowpack is expected with more precipitation falling as rain than snow and
snowpacks melting earlier, resulting in longer dry seasons (Luce et al. 2016). Higher
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temperatures and longer dry periods between precipitation events are expected to lead to more
frequent and severe droughts (Chmura et al. 2011).

Projected shifts in climate will affect tree reproduction, growth, phenology, and mortality
(Chmura et al. 2011). Shifts in climate have already occurred, leading to significant droughts
that have led to high mortality in some Western forests (Allen et al. 2010; Millar and
Stephenson 2015; Clark et al. 2016). Although drought is common in Northwest forests,
particularly east of the Cascade Mountain Crest, warmer droughts will amplify moisture
limitations that will reduce tree growth and forest regeneration (Littell et al. 2008, 2010;
Restaino et al. 2016). For moist forests, projected increases in temperature will likely ease
energy limitations in the short term, allowing for greater productivity until reductions in soil
water availability limit further growth (Chmura et al. 2011; Luce et al. 2016).

Changes in climate will also likely increase tree stress and mortality through shifts in
ecological disturbances (van Mantgem et al. 2009; Chmura et al. 2011; Kolb et al. 2016),
including wildfires and insect outbreaks. Drought, in concert with increased tree stress due to
insects and disease, may increase wildfire intensity and extent in dry Northwest forests (Allen
et al. 2010; Littell et al. 2010; Stavros et al. 2014). However, recent bark beetle outbreaks in the
western U.S. have caused greater mortality than wildfires, particularly in lodgepole pine,
Douglas-fir, and spruce/fir forest types (Hicke et al. 2016). With drought, the effects of pathogens
on Northwest forests may become more frequent and severe, except for pathogens that require
moist conditions such as Swiss needle cast and Phytophthora root rot (Kolb et al. 2016).
Additional research is needed to understand how parasitic plants will affect Northwest forests;
mistletoes increase tree stress during droughts, yet also suffer higher mortality during intense
droughts (Kolb et al. 2016). Overall, projected shifts in climate will increase these ecological
disturbances, which will affect forest vegetation and ecosystems (Littell et al. 2010). It is unclear
to what extent Northwest forests can absorb these enhanced disturbances and remain resilient
(return to a prior condition after disturbance). Once forest resilience thresholds are crossed, major
ecological transformation may occur (Millar and Stephenson 2015; Clark et al. 2016).

3.2 Adaptation strategies and tactics for forest vegetation

Based on local vulnerability assessments, resource managers in the adaptation partnerships
developed 41 adaptation strategies and 124 adaptation tactics for forest vegetation manage-
ment. These strategies and tactics were compiled in the newly developed Climate Change
Adaptation Library for the Western United States (http://adaptationpartners.org/library.php), a
resource open for others interested in climate change adaptation in natural resources. Though
the Library covers a diversity of resources, including water, infrastructure, fish, wildlife, and
recreation, we focus here on themes and highlights from the forest vegetation portion of the
Library (Table 2).

Adaptation strategies to increase ecosystem resilience to climate change were ubiquitous
across regions. Managers were particularly concerned about wildfire, insects, and drought
(Table 2), and thus many adaptation strategies and tactics were focused on decreasing forest
density to increase drought resilience and decrease the severity of wildfire and insect attacks.
For example, managers identified promoting disturbance-resilient forest structure and species
as key strategies. Thinning and prescribed fire can both be used to reduce forest density,
increase spatial heterogeneity in forest structure, and promote disturbance-resilient species
(Joyce et al. 2009; Spies et al. 2010; Stephens et al. 2010; Churchill et al. 2013; Cross et al.
2013). Disturbance-resilient species can also be planted.
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Table 2 Climate change sensitivities, adaptation strategies, and adaptation tactics associated with forest vege-
tation. Adaptation strategies and tactics were developed by resource managers in a series of hands-on workshops
in the Pacific Northwestern U.S. Applicability of individual tactics will vary based on the type of landowner,
management goals, ecosystem types, and other factors

Sensitivity to climate change Adaptation strategy Adaptation tactics

Large disturbances will create
the potential for mortality
events and regeneration
failures

Mitigate consequences of
large disturbances by
planning ahead

• Maintain a tree seed inventory with
high-quality seed for a range of species,
particularly species that may do well in
the future under hotter and drier
conditions

• Increase production of native plant
materials for post-disturbance plantings

Use judicious managed
relocation of genotypes
where appropriate

• Modify seed zone guidelines to include
genotypes from warmer locations; use a
variety of genotypes rather than just one

Increased drought stress will
decrease forest productivity
at lower elevations

Increase forest resilience
and facilitate transitions

• Increase the amount of thinning and
possibly alter thinning prescriptions

• Use girdling, falling and leaving trees,
prescribed burns, and wildland fire to
reduce stand densities and drought stress

• Maximize early-successional tree species
diversity by retaining minor species
during pre-commercial thinning activities
to promote greater resilience to drier
conditions

• Consider including larger openings in
thinning prescriptions and planting
seedlings in the openings to create seed
sources for native drought-tolerant
species

Increased warming, drought
and wildfire will reduce
tree vigor and increase
susceptibility to insects and
pathogens, with increased
potential for large and
extensive insect and
pathogen outbreaks,
particularly of non-native
insects and pathogens

Increase resilience of
forest stands to
disturbance by increasing
tree vigor

• Thin to decrease stand density, increase
tree vigor and accelerate development
of late-successional forest conditions

• Harvest to variable densities
• Reduce density of post-disturbance

artificial regeneration
• Plant disease-resistant species or genotypes

where species-specific insects or
pathogens are a concern

• Increase stand-scale biodiversity and
minimize monocultures

• Treat existing pathogen outbreaks more
aggressively

Higher temperature and
more drought will lead
to more wildfire (larger
aerial extent and more
high-severity patches)
and more area in recently
burned or early-successional
stages

Plan and prepare for
greater area burned

• Incorporate climate change into
fire-management plans

• Anticipate more opportunities to use
wildfire for resource benefit

• Plan post-fire response for large fires
• Consider using prescribed fire to facilitate

transition to a new fire regime in drier
forests

• Manage forests for future range of
variability

Increase resilience of
existing vegetation
by reducing hazardous
fuels and forest density

• Thin and prescribe burn to reduce
hazardous fuels, especially in the
wildland-urban interface

• Increase intentional use of lightning-ignited
fires
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Preparing for disturbance will also be important under a changing climate (Millar et al.
2007). Regeneration after severe fire may be more limited in the future with climate shifts
(Littell et al. 2010; Chmura et al. 2011). Promoting legacy trees of disturbance-resilient species
may help to increase post-fire regeneration. Managers may also want to increase seed
collection and ensure that adequate nursery stock that is adapted to future climate conditions
is available for post-disturbance planting (Halofsky et al. 2011a).

Promoting biological diversity, including species, genetic, and landscape diversity, was
another theme in the adaptation strategies and tactics. Increasing diversity is a Bhedge your
bets^ strategy that reduces risk of major forest loss. Areas with low species and genetic
diversity will likely be more susceptible to stressors associated with climate change, so
promoting species and genetic diversity (e.g., through plantings and thinning treatments) will
increase forest resilience to changing climate (Joyce et al. 2009; Littell et al. 2010; Dymond

Table 2 (continued)

Sensitivity to climate change Adaptation strategy Adaptation tactics

• Consider using more prescribed fire where
scientific evidence supports change to a
more frequent fire regime

• Use prescribed fire to maintain structure
and promote fire-tolerant conifer species

• Increase interagency coordination
• Use regeneration and planting to influence

forest structure
Increase resilience and

facilitate forest transitions
through post-fire
management

• Consider climate change in post-fire
rehabilitation

• Determine where native seed may
be needed for post-fire planting

• Anticipate greater need for seed
sources and propagated plants

• Plant fire-tolerant tree species after fire
• Increase post-fire monitoring

Increasing drought and
disturbance will alter
species composition,
relative abundance,
and species distribution
patterns

Increase knowledge of
patterns, characteristics,
and rates of change in
species distributions

• Expand long-term monitoring programs

Areas with limited species
and genetic diversity
will likely be more
susceptible to climate
change stressors

Promote species and
genetic diversity

• Plant potential microsites with a mix of
species

• Maintain species diversity during thinning
• Interplant to supplement natural

regeneration and genetic diversity
Increased flooding and

lower low flows will
alter riparian habitats

Reduce riparian impacts
by storing more water
on the landscape

• Inventory current and potential habitat
• Increase beaver populations with

translocation and trapping to create
more wetland habitat

• Restore riparian habitat
Climate change stressors

cross boundaries,
forcing agencies to
coordinate and work
across boundaries

Work across jurisdictions
at larger scales

• Align budgets and priorities for program of
work with neighboring lands

• Communicate about projects adjacent to
other lands, and coordinate on the ground

• Work across boundaries to preserve
roads, trails, and access with increasing
fire and flood events
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et al. 2014). Promoting landscape heterogeneity, in terms of species and structure, will also
increase resilience to wildfire and insects (Stephens et al. 2010) and potentially increase
climate change refugia (Morelli et al. 2016).

Riparian forests provide critical wildlife habitats and increase water quality across the
western U.S. (Naiman and Decamps 1997). The primary strategy for improving riparian
habitat resilience on federal lands was maintaining healthy American beaver (Castor
canadensis) populations (Table 2). Beavers can buffer riparian systems against both low and
high stream flows (Pollock et al. 2003; Lawler 2009), providing habitat structure and foraging
opportunities for multiple species (Pollock et al. 2003). In addition, accelerating riparian
restoration is an effective and long-lasting way to improve hydrological function and water
retention (Luce et al. 2012). Reducing damage by livestock grazing on riparian vegetation and
stream banks can also help increase riparian vegetation resilience and reduce stream temper-
ature increases, but may face opposition from those who access national forests for grazing.

Finally, managers recognized that stressors associated with climate change cross bound-
aries, making it increasingly important that agencies and private landowners coordinate and
work across boundaries (Joyce et al. 2009; Spies et al. 2010; Stein et al. 2013). Agencies can
coordinate by aligning budgets and priorities for programs of work, communicating about
projects adjacent to other lands, and working across boundaries to maintain roads, trails, and
access that will be affected by fire and flood events in a warmer climate.

4 Discussion

The Climate Change Adaptation Library provides a science-based foundation for resource
managers who want to develop climate-smart management actions, or management responses
that consider climate change and can help to minimize the negative effects. Many of the
adaptation options in the Library are already established as tools and techniques used in
sustainable resource management. Resource managers may also find comfort in the fact that
the Library is based on information elicited from other managers like themselves, and is not
developed by scientists without real-world input. Thus, although climate change adaptation is
not a cookbook process, the vetted and peer-reviewed adaptation strategies and tactics in the
library can be used Boff the shelf^ and grounded in the unique management context of a
particular place.

In the process of incrementally building the Adaptation Library, we found considerable
concurrence in adaptation strategies among different regions and management units (Halofsky
and Peterson 2016). This suggests that there is a finite set of general responses to potential
climate change effects in the Pacific Northwest, and that although the Library is intended as a
dynamic resource, the rate of increase in adaptation strategies will diminish over time. This
concurrence also exists between the Library and a large, independent effort conducted for
forest systems in the eastern U.S. (Swanston and Janowiak 2012), thus providing confidence in
the universality of at least a core of adaptation options. However, adaptation tactics will need
to be customized for specific landowners, ecosystems, and management objectives, and
implementation will likely vary with management context.

In the Adaptation Library, similar or complementary adaptation options were identified for
more than one resource sector (e.g., water resources and fisheries), suggesting a need to
integrate adaptation planning across multiple disciplines. For example, restoring floodplains
can improve hydrologic function, with benefits to water quantity and quality, riparian
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vegetation, and fish habitat. Such adaptation options that yield benefits to more than one
resource are likely to have the greatest benefit (Peterson et al. 2011; Halofsky and Peterson
2016). However, some adaptation options involve trade-offs and uncertainties that need
further exploration. For example, while thinning may help to increase dry forest resilience to
fire and drought, wildlife species have variable responses to thinning treatments, depending on
species’ needs and where and how treatments are applied (e.g., Carey and Harrington 2001).
Dialog among managers from multiple resource areas allows for better consideration of trade-
offs.

As it is a relatively new endeavor for private landowners and natural resource managers,
climate change adaptation is typically filled with uncertainty (Millar et al. 2007), and science-
based processes and guidelines are still evolving and being tested. Climate change vulnera-
bility assessments are increasingly a component of risk assessment for resource planning and
management, and adaptation is increasingly a component of risk management (Yohe and
Leichenko 2010; Peterson et al. 2011). Including climate change as a component of resource
planning and management, which was viewed in the recent past as merely desirable, is now
required in the U.S. Forest Service (Federal Register 2012) and National Park Service (NPS
2010), and is becoming a more common element of agency operations.

Northwest forest owners vary in their capacity to address climate change. The biggest
challenge for U.S. federal agencies has been building the organizational capacity to address a
complex issue that affects multiple resources. Federal agencies have seen a steady decline in
budgets and personnel over the past 20 years, making it difficult for most resource specialists who
are fully committed to ongoing projects and regulatory requirements to take on additional
projects. Family forest owners span a broad range of views and understanding about climate
change and its effects on forest resources based on perceptions of climate science credibility,
personal experiences, and worldviews (Grotta et al. 2013); outreach efforts must account for this
span of views. Commercial forest owners are developing climate policies and managing their
operations to reduce greenhouse gas emissions and increase carbon sequestration, but research is
still needed for all forest owners to advise adaptation strategies, especially for short-rotation
forestry. Although education and training on climate change have generally been available, they
are only a precursor to aspects of decision making and management that require assessment of
climate change effects and responses to them. Development of accessible decision-making tools
that incorporate risk management with adaptation strategies (such as those in the Adaptation
Library), along with effective outreach programs, will benefit all forest landowners.

After development of climate change adaptation strategies and tactics, implementation is
the next step, but implementing adaptation options in local management units can be chal-
lenging, and progress to date has been slow (Halofsky et al. 2015). Implementation will likely
occur over time as policies change, as plans and programs are revised, and especially when
extreme weather events (e.g., multi-year droughts) and major disturbances (e.g., large wild-
fires) capture the attention of agencies, local communities, and stakeholders (Millar et al.
2014). Adaptation is more likely to be successful when multiple parties collaborate on
implementation across large landscapes, rather than acting independently (Joyce et al. 2009;
Spies et al. 2010; Stein et al. 2013). As adaptation options are implemented, it will be critical to
monitor their effectiveness across different landscapes. Monitoring data provide feedback that
can be used to validate existing options, inform their modification, or develop new options to
be tested. Working across multiple jurisdictions and boundaries and collaborating with the
research community will help ensure that diverse perspectives are represented and that
effectiveness monitoring is robust.
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5 Conclusions

Although uncertainties exist about the magnitude, likelihood, and timing of climate change
effects on natural resources, sufficient scientific information is available to begin the adaptation
process on forest lands. Climate change vulnerability assessments are nearly comprehensive
across forested regions of the northwestern U.S. In addition, adaptation options have been
developed through partnerships that included 70 scientists and nearly 700 resource managers
from federal agencies and other organizations, resulting in the development of the Climate
Change Adaptation Library for the Western United States. The spatial extent of the assess-
ments, large number of contributors, and peer-reviewed documentation provide confidence
that adaptation options in the Library are effective, feasible, and scientifically robust.

The coproduction of knowledge (Meadow et al. 2015) in our climate change vulnerability
assessments provides a foundation for adaptation that is relevant for on-the-ground manage-
ment and planning, and is therefore more likely to be embraced and implemented. Climate
change vulnerability assessments that are produced over a relatively short time span facilitate a
continuous dialog among participants, thus ensuring consistency and relevance that are often
diluted in processes that drag on for many years. Facilitating communication from one climate
change vulnerability assessment to the next, through purposeful mixing of personnel and
shared learning, improves organizational capacity and ensures consistency across multiple
geographic regions. Also, allowing resource specialists and scientists to Bself-select^ their
roles in each assessment allows partnerships to create their own balance of skills and
personalities, and reduces unrealistic expectations for commitments of time and energy from
people who are already busy with other assignments.

The presence of new federal regulatory mandates is helping to motivate implementation of
climate-smart planning and resource management, especially in national forests that are
revising existing land management plans or writing new vegetation management plans. On-
the-ground implementation is proceeding slowly, but good examples are emerging, often in
conjunction with other management objectives (e.g., forest thinning to increase vigor, resto-
ration of riparian areas, removal of non-native species). Many existing management practices
are inherently consistent with climate-smart management, providing a foundation on which to
build active programs of climate change adaptation. Although the Library described above was
developed mostly with federal agencies, many of the adaptation options are also applicable on
private and tribal lands in the Northwest. Applying adaptation strategies and tactics across
ownerships, allowing flexibility to account for differences in objectives, will improve the
likelihood of minimizing the negative effects of climate change.

Acknowledgements We thank the many individuals from the U.S. Forest Service, National Park Service, and
other organizations who participated in adaptation workshops and contributed to the Climate Change Adaptation
Library.

References

Abatzoglou JT (2013) Development of gridded surface meteorological data for ecological applications and
modelling. Int J Climatol 33:121–131

Abatzoglou JT, Brown TJ (2012) A comparison of statistical downscaling methods suited for wildfire applica-
tions. Int J Climatol 32:772–780

Climatic Change (2018) 146:89–102 99



Abatzoglou JT, Rupp DE, Mote PW (2014) Seasonal climate variability and change in the Pacific Northwest of
the United States. J Clim 27:2125–2142

Allen CD, Macalady AK, Chenchouni H et al (2010) A global overview of drought and heat-induced tree
mortality reveals emerging climate change risks for forests. For Ecol Manag 259:660–684

Bachelet D, Lenihan JM, Daly C et al (2001) MC1: a dynamic vegetation model for estimating the distribution of
vegetation and associated ecosystem fluxes of carbon, nutrients, and water. U.S. Department of Agriculture,
Forest Service, Pacific Northwest Research Station, Portland

Bierbaum R, Smith JB, Lee A et al (2013) A comprehensive review of climate adaptation in the United States: more
than before, but less than needed.Mitig Adapt StrategGlobChange 18:361–406. doi:10.1007/s11027-012-9423-1

Buotte PC, Peterson DL, McKelvey KS, Hicke JA (2016) Capturing subregional variability in regional-scale
climate change vulnerability assessments of natural resources. J Environ Manag 169:313–318

Carey AB, Harrington CA (2001) Small mammals in young forests: implications for management for sustain-
ability. For Ecol Manag 154:289–309

Chmura DJ, Anderson PD, Howe GT et al (2011) Forest responses to climate change in the northwestern United
States: ecophysiological foundations for adaptive management. For Ecol Manag 261:1121–1142.
doi:10.1016/j.foreco.2010.12.040

Churchill DJ, Larson AJ, Dahlgreen MC et al (2013) Restoring forest resilience: from reference spatial patterns to
silvicultural prescriptions and monitoring. For Ecol Manag 291:442–457

Clark JS, Iverson L, Woodall CW et al (2016) The impacts of increasing drought on forest dynamics, structure,
and biodiversity in the United States. Glob Change Biol 22:2329–2352

Cross MS, McCarthy PD, Garfin G et al (2013) Accelerating adaptation of natural resource management to
address climate change. Conserv Biol 27:4–13. doi:10.1111/j.1523-1739.2012.01954.x

Dalton MM, Mote PW, Snover AK (2013) Climate change in the northwest: implications for our landscapes,
waters and communities. Island Press, Washington

Dymond CC, Tedder S, Spittlehouse DL et al (2014) Diversifying managed forests to increase resilience. Can J
For Res 44:1196–1205. doi:10.1139/cjfr-2014-0146

Federal Register (2012) National Forest System land management planning. Final rule and record of decision
Grotta AT, Creighton JH, Schnepf C, Kantor S (2013) Family forest owners and climate change: understanding,

attitudes, and educational needs. J Forest 111:87–93. doi:10.5849/jof.12-052
Halofsky JE, Peterson DL (2016) Climate change vulnerabilities and adaptation options for forest vegetation

management in the northwestern USA. Atmosphere. doi: 10.3390/atmos7030046
Halofsky JE, Peterson DL (2017) Climate change vulnerability and adaptation in the Blue Mountains. U.S.

Department of Agriculture, Forest Service, Pacific Northwest Research Station, Portland
Halofsky JE, Peterson DL, Aubry C et al (2011a) Climate change and vegetation management at Olympic

National Forest and Olympic National Park. In: Halofsky JE, Peterson DL, O’Halloran K, Hawkins Hoffman
C (eds) Adapting to climate change at Olympic National Forest and Olympic National Park. U.S.
Department of Agriculture, Forest Service, Pacific Northwest Research Station, Portland, pp 61–90

Halofsky JE, Peterson DL, O’Halloran KA, Hawkins-Hoffman C (2011b) Adapting to climate change at
Olympic National Forest and Olympic National Park. U.S. Department of Agriculture, Forest Service,
Pacific Northwest Research Station, Portland

Halofsky JE, Peterson DL, Marcinkowski KW (2015) Climate change adaptation in United States federal natural
resource science and management agencies: a synthesis. U.S. Global Change Research Program Climate
Change Adaptation Interagency Working Group

Halofsky JE, Peterson DL, Dante-Wood SK et al (2017) Climate change vulnerability and adaptation in the
Northern Rocky Mountains. U.S. Department of Agriculture, Forest Service, Rocky Mountain Research
Station, Fort Collins

Halofsky JE, Peterson DL, Joyce LA et al (2014) Implementing climate change adaptation in forested regions of
the United States. In: Sample VA, Bixler RP (eds) Forest conservation and management in the anthropocene:
conference proceedings. U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station,
Fort Collins, pp 229–243

Hicke JA, Meddens AJ, Kolden CA (2016) Recent tree mortality in the western United States from bark beetles
and forest fires. For Sci 62:141–153

Joyce LA, Blate GM, McNulty SG et al (2009) Managing for multiple resources under climate change: national
forests. Environ Manag 44:1022–1032

Keane RE, Mahalovich MF, Bollenbacher B et al (2017) Forest vegetation. In: Halofsky JE, Peterson
DL, Dante-Wood SK et al (eds) Climate change vulnerability and adaptation in the Northern
Rockies. U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station, Fort
Collins

Kerns BK, Powell DC, Mellmann-Brown S et al (2016) Effects of climatic variability and change on upland
vegetation in the Blue Mountains. In: Halofsky JE, Peterson DL (eds) Climate change vulnerability and

100 Climatic Change (2018) 146:89–102

http://dx.doi.org/10.1007/s11027-012-9423-1
http://dx.doi.org/10.1016/j.foreco.2010.12.040
http://dx.doi.org/10.1111/j.1523-1739.2012.01954.x
http://dx.doi.org/10.1139/cjfr-2014-0146
http://dx.doi.org/10.5849/jof.12-052
http://dx.doi.org/10.3390/atmos7030046


adaptation in the Blue Mountains. U.S. Department of Agriculture, Forest Service, Pacific Northwest
Research Station, Portland

Kolb TE, Fettig CJ, Ayres MP, et al (2016) Observed and anticipated impacts of drought on forest insects and
diseases in the United States

Latta G, Temesgen H, Adams D, Barrett T (2010) Analysis of potential impacts of climate change on forests of
the United States Pacific Northwest. For Ecol Manag 259:720–729

Lawler JJ (2009) Climate change adaptation strategies for resource management and conservation planning. Ann
N YAcad Sci 1162:79–98

Littell JS, Peterson DL, Tjoelker M (2008) Douglas-fir growth in mountain ecosystems: water limits tree growth
from stand to region. Ecol Monogr 78:349–368. doi:10.1890/07-0712.1

Littell JS, Oneil EE, McKenzie D et al (2010) Forest ecosystems, disturbance, and climatic change in Washington
State, USA. Clim Chang 102:129–158. doi:10.1007/s10584-010-9858-x

Littell JS, Peterson DL, Millar CI, O’Halloran KA (2012) U.S. National Forests adapt to climate change through
science–management partnerships. Clim Chang 110:269–296. doi:10.1007/s10584-011-0066-0

Littell JS, Hicke JA, Shafer SL et al (2013) Forest ecosystems. In: Dalton MM, Mote PW, Snover AK (eds)
Climate change in the Northwest. Island Press, Washington, pp 110–148

Littell JS, Raymond CL, Rochefort RM, Klein SL (2014) Climate change and vegetation in the North Cascade
Range. In: Raymond CL, Peterson DL, Rochefort RM (eds) Climate change vulnerability and adaptation in
the North Cascades region. Washington. U.S. Department of Agriculture, Forest Service, Pacific Northwest
Research Station, Portland, pp 113–117

Luce CH, Holden ZA (2009) Declining annual streamflow distributions in the Pacific Northwest United States,
1948–2006. Geophys Res Lett 36:n/a-n/a. doi: 10.1029/2009GL039407

Luce C, Morgan P, Dwire K et al (2012) Climate change, forests, fire, water, and fish: building resilient
landscapes, streams, and managers. U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station, Fort Collins

Luce C, Abatzoglou J, Holden Z (2013) The missing mountain water: slower westerlies decrease orographic
enhancement in the Pacific Northwest USA. Science 342:1360–1364

Luce CH, Vose JM, Pederson N, et al (2016) Contributing factors for drought in United States forest ecosystems
under projected future climates and their uncertainty

van Mantgem PJ, Stephenson NL, Byrne JC et al (2009) Widespread increase of tree mortality rates in the
western United States. Science 323:521–524

Meadow AM, Ferguson DB, Guido Z et al (2015) Moving toward the deliberate coproduction of climate science
knowledge. Weather Clim Soc 7:179–191

Meddens AJ, Hicke JA, Ferguson CA (2012) Spatiotemporal patterns of observed bark beetle-caused tree
mortality in British Columbia and the western United States. Ecol Appl 22:1876–1891

Millar CI, Stephenson NL (2015) Temperate forest health in an era of emerging megadisturbance. Science 349:
823–826

Millar CI, Stephenson NL, Stephens SL (2007) Climate change and forests of the future: managing in the face of
uncertainty. Ecol Appl 17:2145–2151. doi:10.1890/06-1715.1

Millar CI, Swanston CW, Peterson DL (2014) Adapting to climate change. In Climate change and United States
forests. Springer, Dordrecht, pp 183–222

Morelli TL, Daly C, Dobrowski SZ et al (2016) Managing climate change refugia for climate adaptation. PLoS
One 11:e0159909. doi:10.1371/journal.pone.0159909

Mote PW (2006) Climate-driven variability and trends in mountain snowpack in western North America*. J Clim
19:6209–6220

Mote PW, Salathe EP (2010) Future climate in the Pacific Northwest. Clim Chang 102:29–50
Naiman RJ, Decamps H (1997) The ecology of interfaces: riparian zones. Annu Rev Ecol Syst 28:621–658
National Park Service [NPS] (2010) National Park Service climate change response strategy. National Park

Service Climate Change Response Program. Fort Collins, Colorado
Noble IR, Huq S, Anokhin YA, et al (2014) Adaptation needs and options. Pages 833–868 In Field CB, Barros

VR, Dokken DJ, et al (eds.) Climate change 2014: impacts, adaptation, and vulnerability. Part a: global and
sectoral aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge and New York

Peterson DL, Millar CI, Joyce LA et al (2011) Responding to climate change in national forests: a guidebook for
developing adaptation options. U.S. Department of Agriculture, Forest Service, Pacific Northwest Research
Station, Portland

Pollock MM, Heim M, Werner D (2003) Hydrologic and geomorphic effects of beaver dams and their influence
on fishes. Amer Fish Soc Symp 37:213–233

Raymond CL, Peterson DL, Rochefort RM (2013) The North Cascadia Adaptation Partnership: a science-
management collaboration for responding to climate change. Sustainability 5:136–159

Climatic Change (2018) 146:89–102 101

http://dx.doi.org/10.1890/07-0712.1
http://dx.doi.org/10.1007/s10584-010-9858-x
http://dx.doi.org/10.1007/s10584-011-0066-0
http://dx.doi.org/10.1029/2009GL039407
http://dx.doi.org/10.1890/06-1715.1
http://dx.doi.org/10.1371/journal.pone.0159909


Raymond CL, Peterson DL, Rochefort RM (2014) Climate change vulnerability and adaptation in the North
Cascades region. Washington. U.S. Department of Agriculture, Forest Service, Pacific Northwest Research
Station, Portland

Restaino CM, Peterson DL, Littell JS (2016) Increased water deficit decreases Douglas-fir growth throughout
western US forests. Proc Nat Acad Sci, USA 113:9557–9562

Sample VA, Halofsky JE, Peterson DL (2014) US strategy for forest management adaptation to climate change:
building a framework for decision making. Ann For Sci 71:125–130. doi:10.1007/s13595-013-0288-6

Seidl R, Spies TA, Peterson DL et al (2016) Searching for resilience: addressing the impacts of changing
disturbance regimes on forest ecosystem services. J Appl Ecol 53:120–129

Spies TA, Giesen TW, Swanson FJ et al (2010) Climate change adaptation strategies for federal forests of the
Pacific Northwest, USA: ecological, policy, and socio-economic perspectives. Landsc Ecol 25:1185–1199.
doi:10.1007/s10980-010-9483-0

Stavros EN, Abatzoglou JT, McKenzie D, Larkin NK (2014) Regional projections of the likelihood of very large
wildland fires under a changing climate in the contiguous Western United States. Clim Chang 126:455–468.
doi:10.1007/s10584-014-1229-6

Stein BA, Staudt A, Cross MS et al (2013) Preparing for and managing change: climate adaptation for
biodiversity and ecosystems. Front Ecol Environ 11:502–510. doi:10.1890/120277

Stephens SL, Millar CI, Collins BM (2010) Operational approaches to managing forests of the future in
Mediterranean regions within a context of changing climates. Environ Res Lett 5:24003

Swanston C, Janowiak M (2012) Forest adaptation resources: climate change tools and approaches for land
managers. U.S. Department of Agriculture, Forest Service, Northern Research Station, Newtown Square

Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW (2006) Warming and earlier spring increase in western
U.S. forest wildfire activity. Science 313:940. doi:10.1126/science.1128834

Yohe G, Leichenko R (2010) Adopting a risk-based approach. Ann N YAcad Sci 1196:29–40

102 Climatic Change (2018) 146:89–102

http://dx.doi.org/10.1007/s13595-013-0288-6
http://dx.doi.org/10.1007/s10980-010-9483-0
http://dx.doi.org/10.1007/s10584-014-1229-6
http://dx.doi.org/10.1890/120277
http://dx.doi.org/10.1126/science.1128834

	Assessing vulnerabilities and adapting to climate change in northwestern U.S. forests
	Abstract
	Introduction
	Methods
	Results
	Key climate change vulnerabilities for forest vegetation
	Adaptation strategies and tactics for forest vegetation

	Discussion
	Conclusions
	References


