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Chapter 4
Adaptation and Mitigation
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J. Hines, Christopher W. Woodall, Elizabeth D. Reinhardt, David L. Peterson, and James M. Vose!

Strategies for Adapting to Climate
Change

Forest ecosystems respond to natural climatic variability and
human-caused climate change in ways that are adverse as
well as beneficial to the biophysical environment and

to society. Adaptation refers to responses or adjustments
made—whether passive, reactive, or anticipatory—to
climatic variability and change (Carter et al. 1994). Many
adjustments occur whether humans intervene or not; for ex-
ample, plants and animals shift to favorable habitats result-
ing in range expansion or contraction, as well as changes in
gene frequencies for traits that enable persistence in warm
climates. Here we assess strategies and tactics resource
managers can use in the process of reducing forest vulner-
ability and increasing adaptation to changing climates
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(Peterson et al. 2011). Plans and activities range from short-
term, stop-gap measures, such as removing conifers that are
progressively invading mountain meadows, to long-range,
proactive commitments, such as fuels management to reduce
the likelihood of severe wildfire or of beetle-mediated forest
mortality.

Principles for Forest Climate
Adaptation

The following principles apply broadly in developing new
perspectives on forest climate adaptation:

Successful Climate Adaptation Planning
and Implementation

In the context of this chapter, adaptation strategies, plans,
and management actions are implicitly tied to broad goals
of ecosystem sustainability. Restoration, maintenance, and
promotion of natural ecological processes and ecosystem
services define the mission of most public land-management
agencies as well as many private (e.g., nongovernmental
organizations) forest reserves. These goals often underlie
economic and utilitarian goals of the forest industry and
other special-use forest land owners as well. Climate adapta-
tion efforts that benefit and promote goals of ecosystem
sustainability are considered successful. Successful imple-
mentation of climate adaptation plans occurs when projects
are developed and deployed for specific places with con-
crete treatments and prescriptions, explicit objectives, and
for definitive time periods. Successful implementation also
implies that monitoring and adaptive management schedules
are integrated in out-year efforts, and are secured with funds
and capacity needed for completion.

Education and Training

Given the limited inclusion until recently of climate-science

and climate-effects courses in college curricula for forest
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managers, a knowledge vacuum exists among practitio-

ners and decisionmakers about basic scientific principles.
Training for practitioners in the fundamental concepts of
climatology and physical and ecological sciences related to
climate change is essential. Such knowledge will increase
the institutional capacity to understand potential effects of
climate change and associated irreducible uncertainty, and to
construct appropriate strategies and actions. A multilevel ap-
proach facilitates climate change education and dialogue for
practitioners. A regional education program in the Northern
United States incorporated several elements (Peterson et

al. 2011), including basic education, intensive training, and
discipline-specific and targeted workshops (fig. 4.1). Short
(1- to 2-day) basic educational seminars convey fundamen-
tal principles of climate change and the effects of climate
change on ecosystems and generate discussion of how dif-
ferent resources under management consideration can adapt
to projected changes. Intensive training includes week-long
courses providing indepth information and detailed explana-
tions of fundamental climate processes and interactions, as
well as greater detail on mechanisms of forest response to
climate stressors. Participants have the opportunity to evalu-
ate issues or resources by using available (e.g., online) tools.
Discipline-specific trainings allow focused presentation

and discussion of climate change implications for specific

resource issues (e.g., silviculture, wildlife).

Science-Management Partnerships

Partnerships between scientists and managers are needed to
improve understanding of climate science and increase expe-
rience in developing adaptation strategies. These collabora-
tions can develop in different forms. For example, science
information might reside with staff within an agency, but

in different program areas than those traditionally involved
with forest management. University extension specialists
have a long history of spanning boundaries between sci-
ence and applications (e.g., providing genetic expertise in
developing seed-transfer rules), and can be brought into
partnerships. Research scientists with universities and agen-
cies increasingly participate in resource management col-
laborations. A key element in all collaborations is that they
maintain interactive dialogue, with managers and scientists
reciprocally learning from and informing each other about
relevance.

Risk and Uncertainty

Given the environmental complexities of forest ecosystems,
and their diverse and often conflicting institutional and
societal roles, decisionmakers have long confronted chal-
lenges of risk and uncertainty. Climate change adds further
dimensions of uncertainty, increasing the complexity of risk
analyses. Although trends in climate and ecosystem response

Specialists

General audience

Land managers

Basic Intensive Discipline- Targeted
educational training specific workshops
seminars training

Specialists

Increasing specialization and adaptation design

Figure 4.1—Conceptual diagram of educational and training efforts leading to increased complexity of adapta-
tion planning and activities. These elements are integrated but need not be taken consecutively. Distance learn-

ing can be incorporated into all activities. (From Peterson et al. 2011.)
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usually can be bounded with probabilistic envelopes, these
are often wide and should be considered as only a guide for
evaluating local decisions; unexpected conditions and sur-
prises are especially important at local scales. In developing
forest adaptation strategies, effort should be made to (1) be
aware of risks, (2) assess vulnerabilities, (3) develop adapta-
tion responses that are realistic yet minimize uncertainties,
and (4) incorporate new knowledge and learning gained over
time to modify decisions as appropriate (adaptive manage-
ment) (Moser and Luers 2008). Adaptation responses to risk
include (1) no action—continue conventional practices, (2)
contingency planning—develop a response strategy (e.g.,

to anticipated major disturbance), and (3) anticipatory and
proactive strategies—curtail or diminish potential impacts
(e.g., of a major disturbance) while optimizing attainment of
goals (Joyce et al. 2008).

Toolkit Approach

Novelty and surprise in climate-change effects, combined
with a diversity of management objectives and of spatial and
temporal management scales, mean that no single approach
will fit all situations. A toolkit approach to adaptation strate-
gies recognizes that, from a wide array of available methods
in the literature or in practice, the best strategy will require
selecting appropriate methods for the specific situation.
Tools include resource management practices, educational
and reference modules, decision-support aids, and qualita-
tive and quantitative models that address adaptation of natu-
ral and cultural resources to climate change (Peterson et al.
2011). Tools include existing management practices, perhaps
used in new ways, as well as novel approaches developed

specifically to meet climate challenges.

No-Regrets Decisionmaking

“No-regrets” decisionmaking refers to actions that result

in a variety of benefits under multiple scenarios and have
little or no risk of socially undesired outcomes. This would
include (1) implementing fuel treatments in dry forests to
reduce fire hazard and facilitate ecological restoration, while
creating resilience to increased fire occurrence in a warmer

climate, and (2) installing new, larger culverts in locations

where peak flows during flooding are expected to be higher
in a warmer climate, thus protecting roads and reducing
maintenance costs. These types of actions benefit resources
and values regardless of climate-change effects and can

be implemented in the near term (Swanston and Janowiak
2012).

Flexibility and Adaptive Learning

Uncertainty about future climates and ecosystem responses,
and limited experience to date in developing forest adapta-
tion strategies, imply that flexibility, experimentation, and
adaptive learning should be incorporated into all efforts to
develop adaptation strategies. Ideally a formal adaptive-
management program will be developed in conjunction
with projects implemented, but other approaches to moni-
toring that enable change of management practices are also
appropriate.

Mixed-Models Approach

Climate- and ecosystem-response models are proliferating
rapidly. Regional and locally downscaled climate-change
scenarios logically seem useful for conducting vulnerabil-
ity analyses and developing adaptation responses at scales
relevant to forest sector needs. However, given the many
processes about which we know very little, output from
projections should be used cautiously and in conjunction
with other filters. Models are often useful for examining
forest-response correlates with recent historical events and
for attributing influence or causality (e.g., dissecting climatic
factors that might have influenced large wildfires or insect
outbreaks). Models are often less useful for forecasting at
small spatial scales or over long time periods, and in regard
to complex biological processes. Output from models is
useful as background information for envisioning a range
of potential futures rather than to project a single outcome.
The use of different types of models to address the same area
and issue is recommended, such as models built with differ-
ent assumptions, process interactions, and input data. Both
quantitative (algorithm-based) and qualitative models (e.g.,
flow charts, indices, and verbal tools) should also be con-
sidered, and differences and similarities in projected futures
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can be evaluated. In recent years, it has been suggested that,
if a model (or several models) hindcasts observed historical
conditions well, it will also accurately predict future condi-
tions. This is not necessarily true, because a given result

can be reached via multiple pathways; in other words, a
model can produce a correct historical reconstruction for the
wrong reasons (Crook and Forster 2011), which means that
forecasts could also be wrong. The experience and judgment
of resource professionals are also important for evaluating
potential future climate conditions and ecosystem responses.
A recently developed summary of frequently asked questions
(Daniels et al. 2012) can guide the effective use of models.

Integration With Other Priorities and
Demands of Forest Management

Mitigation, involving actions to reduce human influence

on the climate system, is another fundamental approach

for addressing climate challenges (Metz et al. 2001), and
integrating mitigation activities with adaptation strategies is
important. The best approach is usually to address mitiga-
tion and adaptation goals concurrently, although in some
situations, strategies may conflict, and compromise choices
may be required. Climate change remains only one of

many challenges confronting forest management, and other
priorities must be evaluated at different temporal scales. For
example, managing under the Endangered Species Act of
1973 (ESA) can invoke actions that, by regulatory impera-
tive, are required in the short term but make little sense,
given long-term projections of the effects of climate change.
For forest lands where ecological sustainability is the central
goal, ecosystem-based management as practiced in land
management since the late 1980s (e.g., Kohm and Franklin
1997, Lackey 1995) provides a foundation for addressing
most aspects of climate-change effects. Ecosystem-based
management acknowledges that natural systems change
continuously and that such dynamics bring high levels of
uncertainty. Ecosystem-based management concepts are
therefore appropriate foundational principles in developing
forest adaptation strategies.
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Placing Adaptation in Context

Forest ecosystems in the United States occur in diverse en-
vironmental, institutional, and regulatory contexts. Socially
beneficial outcomes for climate adaptation depend on match-

ing the best strategy with the context.

Biogeography and Bioclimate

Composition, structure, and processes of forests are influ-
enced by their location, which determines the continental-to-
local climatic regimes of forest ecosystems, physical context
(geomorphology, soils, tectonics, topography), biogeo-
graphic constraints and opportunities (corridors or barriers
to movement), ecological legacy (historical and prehistorical
ecosystems), and a myriad of societal influences, such as
land ownership, regulatory context, and land use histories.
Adaptation strategies will differ in detail, if not always
overall approach, for forest ecosystems in different parts of
the United States.

Scale

Climate change affects forest ecosystems at many temporal
and spatial scales, for example, from its influence on timing
of bud burst to the evolution of ecotypes, and from trophic
interactions on a rotting log to shifts in biome distribution
across continents. The longevity of forest trees, combined
with their significant influence on the physical landscape
(e.g., soil development, watershed quality) and role as habi-
tat, adds complexity to scale issues. Analysis at the correct
spatial scales is especially important for assessing trends of
climate change and ecological response, given that averages
and trends on broad scales (e.g., continental) can mask vari-
ability at fine scales (e.g., watershed).

An adaptation framework based on appropriate temporal
and spatial scales (e.g., Peterson and Parker 1998) ensures
that plans and activities address climate effects and respons-
es effectively. Because scales are nested, the best strate-
gies focus on the scale of the relevant project and include
evaluation of conditions and effects at scales broader than
the project level, as well as analysis of effects at finer scales

(tables 4.1 and 4.2). Broad-scale analysis establishes context,
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Table 4.1—Factors that affect the relevance of information for assessing vulnerability to climate change of
large, intermediate, and small spatial scales

Relevance by spatial scale

Factor Large? Intermediate® Small®
Availability of informa- High for future climate and Moderate for river systems,  High for resource data, low
tion on climate and general effects on vegeta-  vegetation, and animals for climate change
climate change effects tion and water
Accuracy of predictions of High Moderate to high High for temperature and wa-
climate change effects ter, low to moderate for other
resources
Usefulness for specific Generally not relevant Relevant for forest density Can be useful if confident that
projects management, fuel treat- information can be down-
ment, wildlife, and fisheries ~ scaled accurately
Usefulness for planning High if collaboration across High for a wide range of Low to moderate
management units is applications
effective

@ More than 10 000 km? (e.g., basin, multiple national forests).
®100 to 10 000 km? (e.g., subbasin, national forest, ranger district).
¢ Less than 100 km? (e.g., watershed).

Source: Modified from Peterson et al. 2011.

Table 4.2—Factors that affect the relevance of information for assessing vulnerability to climate change of
large, intermediate, and small time scales

Relevance by time scale

Factor Large? Intermediate® Small¢

Availability of informa- High for climate, moderate High for climate and effects Not relevant for climate
tion on climate and for effects change and effects predic-
climate change effects tions

Accuracy of predictions  High for climate and water, ~ High for climate and water, Low
of climate change effects  low to moderate for other moderate for other resources

resources

Usefulness for specific High for temperature and High for water, moderate for =~ Low owing to inaccuracy of

projects water, low to moderate for other resources information at this scale

other resources

Usefulness for planning High High for water, moderate for =~ Low
other resources

@ More than 50 years.

®5 to 50 years.

¢ Less than 5 years.

Source: Modified from Peterson et al. 2011.
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including recognition of processes and effects that manifest
only at large scales (e.g., species decline, cumulative water-
shed effects), potential undesired consequences that could
be alleviated by early action, and the need for large manage-

ment units and collaboration across ownerships.

Institutional and Regulatory Contexts

Forests are managed for many goals. Most publically
administered forest lands are managed for long-term eco-
logical and physical sustainability. Within that broad goal,
emphasis differs by designation for protection level (parks,
wilderness, and reserves) and ecosystem services (national
and state forests, Bureau of Land Management [BLM]
forest and woodlands, and tribal forest lands). The focus
on maintenance of ecological and environmental conserva-
tion on public lands is subject to strict legal and regulatory
direction, such as the National Environmental Policy Act
[NEPA] of 1969, Clean Air Act of 1970, Clean Water Act
of 1977, Endangered Species Act [ESA] of 1973, and their
state counterparts. The goals, tactics, and time horizons of
climate adaptation strategies for lands under these jurisdic-
tions and legal mandates differ considerably from those of
private forest lands. Adaptation on industrial forest land

focuses on strategies most effective to sustain productive
output over the period of economic analysis (Sedjo 2010),
whereas adaptation on nonindustrial private forest lands dif-
fers by the diverse goals and capacities of landowners. Other
institutional considerations that influence adaptation relate to
educational and technological capacities, staff resources, and
funding. Choices also depend on the quality of collaboration,
because support, trust, and interaction among stakeholders
influence the type of risk accepted and commitment to novel

or experimental approaches.

Adaptation Strategies and
Implementation

Overview of Forest Adaptation Strategies

The literature on conceptual approaches to forest adaptation
strategies (Baron et al. 2008, Joyce et al. 2008, Peterson et
al. 2011, Swanston and Janowiak 2012) (table 4.3) includes
broad conceptual frameworks, approaches to specific types
of analyses (e.g., vulnerability assessments, scenario plan-
ning, adaptive management), and tools and guidance for site-
specific or issue-specific problems. An umbrella approach
for addressing adaptation at the highest conceptual level in

Table 4.3—Climate adaptation guides relevant to the forest sector

Category Emphasis

Reference

Adaptation framework  General options for wildlands
Options for protected lands

Adaptation guidebooks

Vulnerability analysis Climate change scenarios
Scenario exercises

Forest ecosystems
Watershed analysis
Genetic management Seed transfer guidelines
Risk assessment

Framework for translocation
Silvicultural practices

Climate adaptation workbook

Assisted migration
Decisionmaking

Priority setting Climate project screening tool

Millar et al. 2007
Baron et al. 2008, 2009

Peterson et al. 2012, Snover et al. 2007,
Swanston and Janowiak 2012

Cayan et al. 2008

Weeks et al. 2011

Aubry et al. 2011, Littell et al. 2010

Furniss et al. 2010

McKenney et al. 2009

Potter and Crane 2010

McLachlan et al. 2007, Riccardi and Simberloff 2008
Janowiak et al. 2011b

Janowiak et al. 2011a

Morelli et al. 2011b
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forest ecosystems focuses on resistance, resilience, response,
and realignment strategies (Millar et al. 2007) (box 4.1).
These general principles help in early phases of planning

to dissect the range and scales of appropriate options at the
broadest levels (Spittlehouse 2005), and they apply to many
management and land-ownership contexts, but they do not
provide guidance for developing site-specific plans. Similar-
ly, broad discussions focus on other fundamental principles
relative to forest adaptation planning, such as reinterpreting
the role of historical variability, ecological change over time,
and use of historic targets in management and restoration
(Harris et al. 2006, Jackson 2012, Milly et al. 2008).

Special concerns for adaptation in parks and protected
areas were developed by Baron et al. (2008, 2009) and
Stephenson and Millar (2012), who emphasize the need to
acknowledge that future ecosystems will differ from the
past, and that fundamental changes in species and their en-
vironments will be inevitable. Given anticipated nonanalog
climates and ecosystem responses, science-based adaptation
will be essential. Baron et al. (2009) emphasized the need
to identify resources and processes at risk, define thresh-
olds and reference conditions, establish monitoring and
assessment programs (adaptive management), and conduct
scenario planning. They emphasize that preparing for and
adapting to climate change is as much a cultural and intel-
lectual challenge as an ecological issue. Diverse regulatory
and value contexts dictate what will be desired for future
ecosystem conditions, which drive decisions about goals,
strategies, and actions.

The reality of change and novelty in future forest eco-
systems under changing climates underscores the impor-
tance of vulnerability assessments in developing adaptation
strategies (Aubry et al. 2011, Johnstone and Williamson
2007, Lindner et al. 2010, Littell and Peterson 2005, Littell
et al. 2010, Nitschke and Innes 2008, Spittlechouse 2005).
Vulnerability assessments can differ in terms of subject
matter, geographic focus, level of detail, and quantitative
rigor, but usually require a science-management partnership
to ensure that current science is used to evaluate climate-
change effects. Regional-scale assessments can be cautiously

downscaled to smaller management units, recognizing there

will be tradeoffs in accuracy. Some of the most detailed ap-
proaches to vulnerability assessment in response to climate
challenges have focused on watersheds (e.g., Furniss et al.
2010), as described in the examples below. Scenario plan-
ning as a tool for vulnerability assessment has been well
developed for forested ecosystems in U.S. national parks
(Weeks et al. 2011). Tools developed for setting priorities in
forest planning and for assessing risks are especially appli-
cable for near-term decisionmaking (Janowiak et al. 2011a,
Morelli et al. 2011).

Several efforts have taken comprehensive approaches
to incorporate both conceptual strategies and specific tools
into integrated guidebooks for developing adaptation strate-
gies in the forest sector (Peterson et al. 2011, Swanston and
Janowiak 2012). These guidebooks encourage education and
training in the basic climate sciences and describe how to

proceed from assessment to on-the-ground practices.

Box 4.1

A general framework for adaptation options suitable for
conditions of forested ecosystems. Options range from
short-term, conservative strategic approaches to strate-
gies for long-term, proactive plans. (From Millar et al.
2007.)

Promote resistance

Actions that enhance the ability of species, ecosystems,
or environments to resist forces of climate change and
that maintain values and ecosystem services in their
present or desired states and conditions.

Increase resilience

Actions that enhance the capacity of ecosystems to with-
stand or absorb increasing impact without irreversible
changes in important processes and functionality.

Enable ecosystems to respond

Actions that assist climatically driven transitions to fu-
ture states by mitigating and minimizing undesired and
disruptive outcomes.

Realign highly altered ecosystems

Actions that use restoration techniques to enable eco-
system processes and functions (including conditions
that may or may not have existed in the past) to persist
through altered climates and in alignment with changing
conditions.
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Strategic steps for forest climate adaptation—
The following steps represent broad consensus that has
emerged on developing forest climate adaptation strategies

(review in Swanston and Janowiak 2012).

Step 1: Define location (spatial extent), management goals
and objectives, and timeframes—Determining spatial and
temporal scales and site-specific locations is essential for
developing appropriate strategies. Management goals and
objectives (box 4.2) for climate adaptation should be explicit
and integrated with mitigation and other nonclimate-related
management goals. This does not necessarily mean that
goals are stated in narrowly specific quantitative terms;
indeed, many forest adaptation goals and objectives can be

defined broadly (e.g., sustaining ecosystem services).

Step 2: Analyze vulnerabilities—\/ulnerability to climate
change can be defined as “the degree to which geophysical,
biological, and socio-economic systems are susceptible to,
and unable to cope with, adverse impacts of climate change”
(Solomon et al. 2007). Vulnerability is a function of the
degree to which a system is exposed to a change in climatic
conditions, its sensitivity to that change, and its adaptive
capacity (Gallopin 2006, IPCC 2001, Solomon et al. 2007).

Climate-vulnerability assessments are a central step in

developing adaptation strategies and can take different forms
(Glick et al. 2011, USGCRP 2011). Whichever approach

is used, the intent is to determine how climatic variability
and change might affect resources of concern, and to aid in
developing appropriate priorities, strategies, and timeframes
for action.

Step 3: Determine priorities—Priority actions for climate
adaptation often differ from those for traditional forest
management contexts. Furthermore, given rapidly changing
conditions and emerging understanding of trends, priorities
need to be reassessed regularly. When conditions are urgent
and resources limited (e.g., a species in rapid decline), triage
methods can be useful (Joyce et al. 2008); in longer term
planning, no-regrets assessments (National Research Coun-
cil 2002, Overpeck and Udall 2010) minimize risk.

Step 4: Develop options, strategies, and

tactics—Swanston and Janowiak (2012) present a frame-
work approach for developing adaptation plans. This
process begins at a broad conceptual level and steps down to
regional and local, site-specific project planning, as reflected
by the increasing specificity of the following terms (fig.
4.2). Adaptation options are fundamental concepts and the

broadest and most widely applicable level in a continuum of

Box 4.2

Management Goals

include:

* Maintain and improve forest health and vigor
* Maintain wildlife habitat for a variety of species

Management Objectives

in young aspen (Populus spp.) stands.

selected stands and enhance wildlife habitat.

Management goals are broad, general statements that express a desired state or process to be achieved. They are often
not attainable in the short term and provide the context for more specific objectives. Examples of management goals

Management objectives are concise, time-specific statements of measurable planned results that correspond to preestab-
lished goals in achieving a desired outcome. These objectives include information on resources to be used for planning
that defines precise steps to achieve identified goals. Examples of management objectives include:

* Regenerate a portion of the oldest aspen forest type through clearcut harvest in the next year to improve forest vigor

¢ Identify and implement silvicultural treatments within 5 years to increase the oak (Quercus spp.) component of
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Figure 4.2—A continuum of adaptation options to address needs at appropriate scales, and examples of each (shaded boxes). (From

Janowiak et al. 2011.)

management responses to climate change. Options include
resistance, resilience, response, and realignment, which
reflect conservative, short-term categories to proactive,
long-range ones (Millar et al. 2007) (see box 4.1); they

can be general or specific and focused on the local situa-
tion. Adaptation strategies illustrate ways that options can
be used. Similar to options, strategies are broad and can

be applied in many ways across different forest landscapes
(table 4.4). Approaches provide greater detail on how forest
managers can respond, and differences in application among
specific forest types and management goals become evident.
Tactics are the most specific adaptation response, provid-
ing prescriptive direction in how actions are applied on the
ground. The culmination of this process is development

of a plan, such as a NEPA document or other project plan,
prescription, or treatment description.

Step 5: Implement plans and projects—Implementation of
projects should include replication, randomization, and other

experimental design elements, as possible, which sets up the

value of the final step.

Step 6: Monitor, review, adjust—Formal adaptive manage-
ment is often advocated as a key element in forest climate-
adaptation planning (Baron et al. 2008, 2009; Joyce et al.
2008). Adaptive management involves a comprehensive

set of steps developed in an experimental framework.
Monitoring is tied to predefined thresholds and other target
goals. These are developed to test hypotheses about project
effectiveness and appropriateness, and, if thresholds are
exceeded, trigger review and adjustment of plans (Joyce et
al. 2008, 2009; Margoluis and Salafsky 1998; Walters 1986).
In practice, many constraints exist to implementing the full
adaptive management cycle in forest ecosystems (Joyce et
al. 2009). However, informal monitoring keyed to assessing
treatment effectiveness and enabling adjustment of practices
is essential because of dynamic conditions driven by climate
change.
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Table 4.4—Climate change adaptation strategies
under broad adaptation options

Strategy Resistance Resilience Response
Sustain fundamental X X X
ecological condi-
tions
Reduce the impact X X X

of existing eco-
logical stressors

Protect forests from X
large-scale fire and
wind disturbance

Maintain or create X
refugia
Maintain or enhance X X

species and struc-
tural diversity

Increase ecosystem X X
redundancy across
the landscape

Promote landscape X X
connectivity

Enhance genetic X X
diversity
Facilitate commu- X

nity adjustments
through species
transitions

Plan for and respond X
to disturbance

Source: Butler et al. 2012.

Tools and Resources for Adaptation
and Implementation

Until recently, few guides to implementing climate adapta-
tion plans were available, but many active projects now
exist, including in the forest sector. The examples below are
not exhaustive, but represent the type of tools available and
the meta-level databases and Web resources that assist in

finding relevant tools for specific locations and needs.
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Web Sites

Climate Change Resource Center (CCRC)—

Described more below, the CCRC (http://www.fs.fed.us/
ccre) is a U.S. Forest Service-sponsored portal dedicated to
compiling comprehensive, credible information and resourc-

es relevant to forest resource managers (USDA FS 2011a).

Climate Adaptation Knowledge Exchange (CAKE)—
This is a joint project of Island Press and EcoAdapt (CAKE
2011) (http://www.cakex.org). Its main feature is a retriev-
able knowledge base that can assist in managing natural
systems in the face of rapid climate change by compiling
relevant information. The CAKE maintains an interactive
online platform, creating a directory of practitioners to share
knowledge and strategies, and identifying data tools and in-
formation available from other sites. Case studies, toolboxes,
and reference materials are relevant to forest sector issues.

NaturePeopleFuture.org—

This is The Nature Conservancy (TNC) knowledge base for
climate adaptation (TNC 2011a) (http://conserveonline.org/
workspaces/climateadaptation). The Web site is used to col-
lect input on climate-adaptation projects, summarize relevant
products and ideas, and communicate about TNC efforts to
draw together scientific research and innovative conserva-
tion projects. Geographically diverse forest ecosystem situ-
ations are presented, and adaptation tools and the methods
discussed are relevant to forest sector issues.

Tribes and Climate Change—

Developed by the Institute for Tribal Environmental Profes-
sionals and Northern Arizona University, Tribes and Climate
Change (http://www4.nau.edu/tribalclimatechange) summa-
rizes information and resources to help Native people better
understand climate change and its effects on their communi-
ties (NAU 2011). The site provides basic climate science
information, including climate change scenarios and vulner-
ability assessment background, profiles of tribes throughout
the United States that are addressing climate change effects,
audio files of elders discussing adaptation from traditional
perspectives, and resources and contacts to develop adapta-
tion strategies. A section is devoted to forest ecosystems.
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Tools

Climate Wizard—

Sponsored and developed by TNC, Climate Wizard is a
Web-based tool that uses select climate projections relevant
to the time and space resolution of inquiries, enabling users
to visualize modeled changes at several time and spatial
scales (TNC 2011b). Used with scenario exercises, the Wiz-
ard can assist development of forest adaptation strategies.

Vegetation Dynamics Development Tool (VDDT)—
Developed by the TNC Southwest Forest Climate Assess-
ment Project, VDDT is a user-friendly computer tool for
forest resource managers (ESSA 2011). VDDT provides a
state-and-transition landscape modeling framework for ex-
amining the role of various disturbance agents and manage-
ment actions in vegetation change. It allows users to create
and test descriptions of vegetation dynamics, simulating
them at the landscape level. VDDT provides a common plat-
form for specialists from different disciplines to collectively
define the roles of various processes and agents of change on
landscape-level vegetation dynamics, and allows for rapid
gaming and testing of ecosystem sensitivity to alternative
assumptions.

Template for Assessing Climate Change Impacts and
Management Options (TACCIMO)—

This Web-based tool connects forest planning to climate-
change science providing access to relevant climate-change
projections and links to peer-reviewed scientific statements
describing effects and management adaptation options
(North Carolina State University 2011). The tool is intended
for all forest planners with a need for public and private
land management information. Input is given by the user on
management conditions and capabilities to address climate
change, which is linked with available physical and biologi-
cal information on climate impacts and management options.
TACCIMO produces a customized report that synthesizes
user input needs with available science and related planning
options.

Climate Project Screening Tool (CPST)—
This verbal interview tool helps resource managers explore
options for ameliorating the effects of climate in resource

projects (Morelli et al. 2011b). The CPST also acts as a
priority-setting tool, allowing managers to assess relative
vulnerabilities and anticipate effects of different actions.

It also helps managers identify and assess projects that are
soon to be implemented but have not benefited from serious
consideration of climate influence. Through a set of guided
questions and development of answers based on available
climate and ecosystem information, the CPST reduces uncer-
tainty by identifying possible effects of both climate change
and adaptation actions on resources.

Climate Change Adaptation Workbook—

The Climate Change Adaptation Workbook is designed to
help forest managers more effectively bring climate change
considerations to the spatial and temporal scales where
management decisions are made (Janowiak et al. 2011a).
The workbook is an analytical process built on a conceptual
model for adaptation derived from adaptive management
principles. It draws on regionally specific information, filter-
ing climate and vegetation projections through professional
judgment and experience. Using a five-step process, the
workbook can help incorporate climate change in resource
management at different spatial scales (e.g., stand, large
ownership) and levels of decisionmaking (e.g., planning,
problemsolving, implementation). By defining current man-
agement goals and objectives in the first step, the process
integrates climate change adaptation into existing manage-
ment efforts. It is not intended to provide specific guidance
or replace other forms of management planning; rather, it
relies on the expertise of natural resource professionals and
complements existing management planning and decision-

making.

System for Assessing Vulnerability of Species (SAVS)—
This verbal index tool identifies relative vulnerability or
resilience of vertebrate species to climate change (Bagne

et al. 2011). Designed for resource managers, SAVS uses

a questionnaire with 22 predictive criteria to create vulner-
ability scores. The user scores species attributes relating to
potential vulnerability or resilience associated with projec-
tions for their region. Six scores are produced: (1) an overall
score denoting level of vulnerability or resilience, (2) four
categorical scores (habitat, physiology, phenology, and
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biotic interactions) indicating source of vulnerability, and

(3) an uncertainty score, which reflects user confidence in
the predicted response. The SAVS provides a framework for
integrating new information into climate change assessments
and developing adaptation plans.

Institutional Responses
President’s Directive

Executive Order 13514 (2009), “Federal Leadership in En-
vironmental, Energy, and Economic Performance,” directs
each federal agency to evaluate climate change risks and
vulnerabilities to manage the short- and long-term effects of
climate change on the agency’s mission and operations. An
interagency climate change adaptation task force includes 20
federal agencies and develops recommendations for agency
actions in support of a national climate change adaptation
strategy. The task force recommended that federal agencies
establish climate change adaptation policies, increase agency
understanding of how climate is changing, apply understand-
ing of climate change to agency mission and operations,
develop an adaptation plan and implement at least three
adaptation actions in 2012, and evaluate and share “lessons
learned” with other agencies.

Some of the more successful adaptation efforts to date
have involved collaboration among different institutions.
Collaboration can take many forms, such as between federal
agencies, between federal and state agencies, between
various agencies and Native American tribes, and between
various land management agencies and a wide range of
stakeholders. There is no standard model, and effective col-
laborations will differ by landscape and local institutional
relationships.

U.S. Forest Service

The U.S. Forest Service climate response is led by the cli-
mate change advisor’s office, which develops guidance and
evaluates progress toward climate adaptation. Agency goals
and actions are described in a strategic framework document
(USDA FS 2008). Forest Service research and develop-
ment also has a climate change strategic plan (Solomon et
al. 2009). These documents state the conceptual visions for
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science-based adaptation on the 175 national forests and
national grasslands. Of seven key goals in the overall frame-

work, five pertain to climate adaptation:

Science—

Advance understanding of the environmental, economic, and
social implications of climate change and related adaptation
activities on forests and grasslands.

Adaptation—

Enhance the capacity of forests and grasslands to adapt to
the environmental stresses of climate change and maintain
ecosystem services.

Policy—

Integrate climate change, as appropriate, into policies,
program guidance, and communications and put in place
effective mechanisms to coordinate across and within deputy
areas.

Education—

Advance awareness and understanding regarding principles
and methods for sustaining forests and grasslands, and sus-
tainable resource consumption, in a changing climate.

Alliances—

Establish, enhance, and retain strong alliances and partner-
ships with federal agencies, state and local governments,
tribes, private landowners, nongovernmental organizations,
and international partners to provide sustainable forests and
grasslands for present and future generations.

Tactical approaches and implementation are outlined in
the National Roadmap for Responding to Climate Change
(USDA FS 2011b). The roadmap identifies 10 steps along
four major dimensions, namely, agency and organizational
capacity, partnerships and conservation education, adapta-
tion, and mitigation (fig. 4.3). The process includes (1)
science-based assessments of risk and vulnerability; (2)
evaluation of knowledge gaps and management outcomes;
(3) engagement of staff, collaborators, and partners through
education, science-based partnerships, and alliances; and (4)
management of resources via adaptation and mitigation. To
assist in these tasks, the CCRC (USDA FS 2011a) serves as
a reference Web site with information and tools to address
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Figure 4.3—Four dimensions of action outlined by the U.S. Forest Service roadmap for responding to climate change. (From USDA FS

2011b.)

climate change in planning and project implementation.
Climate change coordinators are designated for each Forest
Service region. Current initiatives from research and man-
agement branches of the agency provide climate science,
develop vulnerability assessments, prepare adaptive moni-
toring plans, and align planning, policy, and regulations with
climate challenges (box 4.3).

The Performance Scorecard (USDA FS 2011c) (table
4.5) is used annually to document progress of national for-
ests, regions, and research stations on adaptation plans and
“climate smart” actions. The scorecard also identifies areas
of weakness, knowledge gaps, and budgetary limitations,
which the climate change advisor’s office can subsequently
highlight for attention.

U.S. Department of the Interior (DOI)

A U.S. Department of the Interior secretarial order (2009)
provides a framework to coordinate climate change activities
among DOI bureaus and to integrate science and manage-
ment expertise with DOI partners. Climate Science Centers
and Landscape Conservation Cooperatives form the cor-
nerstones of the framework. Each has a distinct science and
resource management role, but they share complementary
capabilities in support of DOI resource managers and of
integrated climate solutions with federal, state, local, tribal,
and other stakeholders.

Climate science centers (CSC)—

Climate science centers are seven regional centers in devel-
opment because of cooperative endeavors between DOI and
universities to distill and make climate-adaptation informa-
tion available to users. The CSCs fund the development of
scientific information, tools, and techniques for resource
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Box 4.3

U.S. Forest Service initiatives to promote progress toward achieving goals of the national roadmap for responding to
climate change. (From USDA FS 2011b.)

Furnish predictive information on climate change and variability, both immediate and longer term, building on cur-
rent research capacity and partnerships with the National Oceanic and Atmospheric Administration, National Aeronau-
tics and Space Administration, U.S. Geological Survey, and other scientific agencies.

* Develop, interpret, and deliver spatially explicit scientific information on recent shifts in temperature and moisture
regimes, including incidence and frequency of extreme events.
» Provide readily interpretable forecasts at regional and subregional scales.

Develop vulnerability assessments, working through research and management partnerships and collaboratively
with partners.

» Assess the vulnerability of species, ecosystems, communities, and infrastructure and identify potential adaptation
strategies.

» Assess the impacts of climate change and associated policies on tribes, rural communities, and other resource-
dependent communities.

* Collaborate with the U.S. Fish and Wildlife Service and National Marine Fisheries Service to assess the vulnerability
of threatened and endangered species and to develop potential adaptation measures.

Tailor monitoring to facilitate adaptive responses.

» Expand observation networks, intensify sampling in some cases, and integrate monitoring systems across
jurisdictions (see, for example, the national climate tower network on the experimental forests and ranges).

*  Monitor the status and trends of key ecosystem characteristics, focusing on threats and stressors that may affect the
diversity of plant and animal communities and ecological sustainability. Link the results to adaptation and genetic
conservation efforts.

Align Forest Service policy and direction with the Forest Service strategic response to climate change.

* Revise National Forest System land management plans using guidance established in the new Planning Rule, which
requires consideration of climate change and the need to maintain and restore ecosystem and watershed health and
resilience.

* Review Forest Service Manuals and other policy documents to assess their support for the agency’s strategic climate
change direction. Evaluate current policy direction for its ability to provide the flexibility and integration needed to
deal with climate change.

* Develop proposals for addressing critical policy gaps.
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Table 4.5—Performance scorecard used by the U.S. Forest Service for annual review of progress and compli-
ance, and to identify deficit areas in implementation of the national roadmap for responding to climate change

Scorecard element

Questions to be addressed Yes/no

Organizational capacity:
Employee education

Designated climate change
coordinators
Program guidance
Engagement:

Science and management
partnerships

Other partnerships

Adaptation:
Assessing vulnerability

Adaptation actions

Monitoring

Mitigation and sustainable consumption:

Carbon assessment and stewardship

Sustainable operations

Are all employees provided with training on the basics of climate
change, impacts on forests and grasslands, and the Forest Service
response?

Are resource specialists made aware of the potential contribution of their
own work to climate change response?

Is at least one employee assigned to coordinate climate change activities
and be a resource for climate change questions and issues?

Is this employee provided with the time, training, and resources to make
his/her assignment successful?

Does the unit have written guidance for progressively integrating climate
change considerations and activities into unit-level operations?

Does the unit actively engage with scientific organizations to improve its
ability to respond to climate change?

Have climate change-related considerations and activities been incor-
porated into existing or new partnerships (other than science partner-
ships)?

Has the unit engaged in developing relevant information about the vul-
nerability of key resources, such as human communities and ecosystem
elements, to the impacts of climate change?

Does the unit conduct management actions that reduce the vulnerability
of resources and places to climate change?

Is monitoring being conducted to track climate change impacts and the
effectiveness of adaptation activities?

Does the unit have a baseline assessment of carbon stocks and an as-
sessment of the influence of disturbance and management activities on
these stocks?

Is the unit integrating carbon stewardship with the management of other
benefits being provided by the unit?

Is progress being made toward achieving sustainable operations require-
ments to reduce the environmental footprint of the agency?

Source: Adapted from USDA FS 2011b, 2011c.
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managers to anticipate, monitor, and adapt to climate and
to develop adaptation responses at multiple scales. Forest

ecosystems are a primary focus of several CSCs.

Landscape conservation cooperatives (LCC)—

The LCCs complement existing science and conservation
efforts of the CSCs and partners by leveraging resources and
strategically targeting science topics to inform conservation
decisions and actions (USDI FWS 2011). Each LCC oper-
ates within a specific landscape, with 21 geographic areas
total (fig. 4.4). Partners include federal, state, and local gov-
ernments, tribes, universities, and other stakeholders. The
LCCs form a network of resource managers, scientists, and
public and private organizations that share a common need
for scientific information and interest in conservation. Land
conservation cooperatives products include resource assess-
ments, examples demonstrating the application of climate
models, vulnerability assessments, inventory and monitoring
protocols, and conservation plans and designs. Adaptation
products include assessments of climate change effects and
development of adaptation strategies for wildlife migration
corridors, wildfire risk and fuel treatments, drought impacts
and amelioration, detection and control of invasive species,
and restoration of forest landscapes.

National Park Service (NPS)—

The NPS climate change response strategy (NPS 2010)
provides direction for addressing effects of climate change
in NPS-administered park units. The strategy directs NPS to
adapt natural resources on its lands by using scenario exer-
cises as a central approach, thereby creating flexible plans at
park scales for dealing with climate effects. The broad goals
of the strategy include developing effective natural-resource
adaptation plans and promoting ecosystem resilience. Spe-
cifically the strategy requires that units (1) develop adaptive
capacity for managing natural and cultural resources; (2)
inventory resources at risk and conduct vulnerability assess-
ments; (3) prioritize and implement actions and monitor the
results; (4) explore scenarios, associated risks, and possible
management options; and (5) integrate climate change ef-
fects in facilities management. The legacy dictum for NPS
management has been to preserve and restore natural (usu-
ally interpreted as historical) conditions. Ecosystem dynam-
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ics associated with climate change have forced rethinking
of this concept, and new paradigms are emerging in national
park management for incorporating ecological change in
adaptation philosophies and managing “beyond natural-
ness” (Cole and Yung 2010, Stephenson and Millar 2012).
Emphasis on scenario exploration as a discussion focus is
intended to promote solutions that address multiple feasible
future outcomes.

Bureau of Land Management (BLM)—

The BLM focuses on a landscape approach to climate
change adaptation, working within functional ecosystems

at large scales and across agency boundaries, and assessing
natural resource conditions and trends, natural and human
influences, and opportunities for resource conservation and
development. The landscape approach consists of (1) rapid
ecoregional assessments (REA), which synthesize the infor-
mation about resource conditions and trends within an ecore-
gion, with emphasis on areas of high ecological value (e.g.,
important wildlife habitats and corridors); (2) ecoregional
direction, which uses the results of REAs to identify man-
agement priorities for public lands in an ecoregion and guide
adaptation actions; (3) monitoring for adaptive management,
which relies on monitoring and mapping programs to meet
information needs and assessment, understand resource con-
ditions and trends, and evaluate and refine implementation
actions; and (4) science integration, which relies on partici-
pation with CSCs to provide science for management needs.
To date, these have not yielded operational climate-change
adaptation plans.

Regional Integrated Sciences and
Assessments (RISA)

Funded by National Oceanographic and Atmospheric Ad-
ministration’s Climate Program Office, the RISA program
supports research and stakeholder interaction to improve
understanding of how climate affects various regions of the
United States, and to facilitate the use of climate informa-
tion in decisionmaking. The RISA teams analyze climate
data; apply, provide, and interpret climatic information for
resource managers and policymakers in the United States;
and are a good source of information on climate change and
regional effects of climate change.
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Landscape Conservation Cooperatives
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Figure 4.4—Twenty-one landscape conservation cooperatives of the U.S. Department of the Interior integrate climate-
adaptation responses across federal, state, tribal, local, and private interests within geographically coherent regions. (From
DOI FWS 2011.)
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State and Local Institutions

Climate-adaptation responses of state and local institutions
are diverse, ranging from minimal action to fully developed
and formal programs. State responses that focus on forest-

sector issues include the following.

Washington State climate response strategy—

Beginning in 2009, the Washington Department of Ecology
in partnership with the departments of Agriculture, Com-
merce, Fish and Wildlife, Natural Resouces, and Transporta-
tion, began developing a strategy to prepare for the effects
of climate change outlined in the Washington State Climate
Change Impacts Assessment (McGuire et al. 2009, Washing-
ton State Department of Ecology 2012). This collaborative
effort involving a variety of public and private stakeholders
sought to develop recommendations for addressing the ef-
fects of climate change. The working groups emphasized the
priority of forest resources in the strategy, and recommenda-
tions for climate-adaptation efforts in major forest ecological
systems have been developed (Helbrecht et al. 2011) (box
4.4), including for fire management and genetic preservation
(Jamison et al. 2011). These options emphasize research, as-
sessing vulnerabilities, developing pilot projects, improving
forest health, avoiding forest conversion, using prescribed
fire, and using adaptive management in decisionmaking.
Strategies consistent with adaptation on forest lands include
(1) preserve and protect Washington’s existing working
forest, (2) assess how land management decisions help or
hinder adaptation, (3) foster interagency collaboration, (4)
promote sociocultural and economic relations between east-
ern and western Washington to improve collaboration, (5)
develop options that address major disturbance events, and
(6) incorporate state decisions with global and local factors
when adapting to climate change (Washington State Depart-
ment of Ecology 2012).

Western Governors’ Association (WGA)—

A nonpartisan organization of governors from 19 Western
States, two Pacific territories, and one commonwealth, the
WGA addresses the effects of climate on forest health, wild-
fire, water and watersheds, recreation, and forest products.

The WGA supports integration of climate adaptation science
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Box 4.4

Interim recommendations of the Washington State
Climate Change Response Strategy’s topic advisory
group on species, habitats, and ecosystems. (From
Helbrecht et al. 2011.)

Facilitate the resistance, resilience, and response of
natural systems

1. Provide for habitat connectivity across a range of
environmental gradients.

2. For each habitat type, protect and restore areas most
likely to be resistant to climate change.

3. Increase ecosystem resilience to large-scale
disturbances, including pathogens, invasive species,
wildfire, flooding, and drought.

4. Address stressors contributing to increased
vulnerability to climate change.

5. Incorporate climate change projections in plans for
protecting sensitive species.

Build scientific and institutional readiness to support
effective adaptation

6. Fill critical information gaps and focus monitoring on
climate change.

7. Build climate change into land use planning.

8. Develop applied tools to assist land managers.

9. Strengthen collaboration and partnerships.

10. Conduct outreach on the values provided by natural
systems at risk from climate change.

in Western States (WGA 2009) and published a report on
priorities for climate response in the West (WGA 2010),
including sharing climate-smart practices for adaptation,
developing science to be used in decisionmaking, and coor-
dinating with federal entities and other climate adaptation
initiatives. The WGA is focusing on developing training to
help states incorporate new protocols and strategies relative
to climate change (box 4.5), and improving coordination of
state and federal climate adaptation initiatives. The WGA
recommends that new state-level programs be designed that
are relevant for on-the-ground climate change issues and

also comply with federal regulations.

Minnesota State climate response—

The Minnesota Department of Natural Resources is build-
ing intellectual and funding capacity to implement policies
that address climate change and renewable energy issues,
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Box 4.5

Goals of the Western Governors’ Association (WGA)
climate-adaptation initiative on training. (From WGA
2010.)

The WGA seeks to provide training to its 19 member
states and collaborators with goals to:

1. Provide state resource planners with the tools,
methods, and technical assistance needed to
incorporate climate change into ongoing planning
[processes.

2. Create a forum to enhance communication and
dialogue with climate adaptation researchers to help
set priorities for investment in science and research
that informs decisionmakers.

3. Identify multistate or cross-boundary climate
adaptation needs, as well as regional data sharing
needs, and consider how they may be addressed
through regional collaboration.

4. Determine how state agencies can collaborate with
federal and local governments and other partners.

S. Develop a clearinghouse of best practices that state
agencies and managers may refer to when developing
their state’s adaptation efforts.

including vulnerability assessments that identify risks and
adaptation strategies for forest ecosystems. These efforts
complement climate adaptation efforts occurring in the state
through the multi-institutional Northwoods climate change
response framework (see “Regional Examples”). The Min-
nesota Forest Resources Council, which includes public and
private stakeholders from the forestry sector, is developing
recommendations to the governor and federal, state, county,
and local governments on policies and practices that result
in the sustainable management of forest resources. Regional
landscape committees establish landscape plans that identify
local issues, desired future forest conditions, and strategies
to attain these goals (MFRC 2011). The regional landscape
committees plan to integrate with the Northwoods climate
change response framework to ensure that climate change is
integrated in forest management and planning.

North Carolina State climate response—

The North Carolina Department of Environment and Natural
Resources (DENR) is developing a comprehensive adapta-
tion strategy to identify and address potential effects on

natural resources, with emphasis on climate-sensitive eco-
systems and land use planning and development. The North
Carolina Natural Heritage Program is evaluating likely
effects of climate change on state natural resources, includ-
ing 14 forest ecosystems that are likely to respond to climate
change in similar ways. The DENR co-hosted a statewide
climate change adaptation workshop in 2010 and is now
coordinating with other agencies on an integrated climate
response and developing a climate change response plan and

down-scaled climate assessments.

State university and academic responses—
In the Pacific Northwest, the University of Washington
Climate Impacts Group (CIG) has a strong focus on climate
science in the public interest. Besides conducting research
and assessing climate effects on water, forests, salmon, and
coasts, the CIG applies scientific information in regional
decisions. The CIG works closely with stakeholders and
has been a key coordinator for forest climate adaptation
projects (e.g., Halofsky et al. 2011, Littell et al. 2011). An
adaptation guidebook developed in collaboration with King
County, Washington describes an approach for developing
local, regional, and state action plans (Snover et al. 2007).
In Alaska, the Alaska Coastal Rainforest Center, based at
the University of Alaska Southeast, in partnership with the
University of Alaska Fairbanks and other stakeholders,
provides educational opportunities, facilitates research, and
promotes learning about temperate rain forests. The center
facilitates dialogue on interactions among forest ecosystems,
communities, and social and economic systems and has
developed a framework for integrating human and ecosys-
tem adaptation. In Hawaii, the Center for Island Climate
Adaptation and Policy, based at the University of Hawaii at
Manoa, promotes interdisciplinary research and solutions to
public and private sectors, with a focus on science, planning,
indigenous knowledge, and policy relative to climate adapta-
tion. Recent projects focus on education, coordinating with
state natural resource departments on adapting to climate
change (CICAP 2009), and policy barriers and opportunities
for adaptation. Forest-related climate issues include effects
of invasive species, forest growth and decline, migration and
loss of forest species, and threats to sustainability of water
resources.
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Industrial Forestry

The response from forest industries in the United States to
climate change has to date focused mostly on carbon seques-
tration, energy conservation, the role of biomass, and other
climate-mitigation issues. Detailed assessments and efforts
to develop adaptation strategies for the forest-industry sec-
tor have mostly been at the global to national scale (Sedjo
2010; Seppéla et al. 2009a, 2009b). Many forestry corpora-
tions promote stewardship forestry focused on adaptability
of forest ecosystems to environmental challenges, but most
ongoing adaptation projects are small scale and nascent.

For example, Sierra Pacific Industries (SPI) in California is
evaluating the potential for giant sequoia (Sequoiadendron
giganteum [Lindl.] J. Buchholz) plantations to serve as a
safeguard against changing climates. Giant sequoia currently
grows in small groves scattered in the Sierra Nevada. Germ-
plasm would be collected by SPI from the native groves and
planted in riparian corridors on productive industry land,
then managed as reserves that would benefit from the resil-
ience of giant sequoia to climatic variability and its ability to
regenerate after disturbance.

In Australia, the forest industry has been more assertive
in addressing climate change. For example, the National
Association of Forest Industries of Australia is working to
improve the ability of forest industry to reduce the harmful
effects of, and exploit opportunities from, changing cli-
mate. A short-term objective is to promote general aware-
ness of the extent and range of likely climatic impacts and
vulnerabilities specific to key forest regions, together with
practical options for adaptation and mitigation given avail-
able scientific knowledge. The longer term objective is to
provide tools and mechanisms to promote incorporation of
adaptation options in forest-based industries. The Australian
Commonwealth Scientific and Industrial Research Organi-
zation developed an initial assessment of climate risks and
adaptation strategies for plantation forestry, with specific
recommendations for planting, germplasm selection, and
silvicultural actions (Pinkard et al. 2010).
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Native American Tribes and Nations

Many Native American tribes and nations have been actively
developing detailed forest adaptation plans in response to
climate change. Overall goals commonly relate to promoting
ecosystem sustainability and resilience, restoration of forest
ecosystems, and maintenance of biodiversity, especially of
elements having historical and legacy significance to tribes.
Maintenance of cultural tradition within the framework of
changing times is also inherent in many projects.

An exceptional example of a tribal response is the
climate change initiative of the Swinomish Tribe in Wash-
ington (SITC 2010) (box 4.6). The Swinomish Reserva-
tion (3900 ha) is located in northwestern Washington and
includes 3000 ha of upland forest. The initiative focuses on
building understanding among the tribal community about
climate change effects, including support from tribal elders
and external partners. A recent scientific assessment sum-
marizes vulnerabilities of forest resources to climate change,
and outlines potential adaptation options (Rose 2010). A
report completed in 2009 provides a baseline for adaptation
planning and states that the tribe’s forest resources are at risk
from wildfire, which will be addressed in an action plan on
adaptive response (SITC 2010).

Tribes have been active partners in collaborative forest
adaptation plans. An example is the Confederated Tribes
and Bands of the Yakama Nation, whose reservation oc-
cupies 490 000 ha in south-central Washington. Tribal lands
comprise forest, grazing, and farm lands in watersheds of the
Cascade Range. The Yakama Nation has extensive experi-
ence in managing dry forest ecosystems and implementing
forest action plans, and belongs to the Tapash Sustainable
Forest Collaborative, in partnership with the U.S. Forest
Service, Washington State Departments of Fish and Wild-
life and of Natural Resources, and TNC. The collaborative
encourages coordination among landowners to respond to
common challenges to natural resources (Tapash Collabora-
tive 2010). Climate change was ranked as a significant threat
to forest productivity, leading to a proposal to incorporate
specific adaptation strategies and tactics across the Tapash
landscape, most of which relate to fire, fuels, and restoration
in dry forest.
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Box 4.6

Adaptation framework of the Swinomish Tribe
Washington) climate change initiative. (From SITC
2010).

Phase 1 (2007-2009)

* Tribal buy-in leads to issuance of the 2007 Climate
Change Proclamation

* Secure funding

» Identification of partners, development of advisory
committee, and identification of roles and responsi-
bilities

» Development of the impact assessment

- Data review and analysis

- Risk zone mapping and inventory
- Vulnerability assessment

- Risk analysis

* Policy and strategy scoping (intergovernmental)
e Community outreach

- Formed tribal outreach group

- Held public meetings

- Conducted personal interviews of tribal
members and elders

- Conducted storytelling workshop with tribal
members

Phase 2 (2010)
Development of the action plan

* Adaptation goals

» Strategy evaluation and priorities
e Action recommendations

* Coordination of funding

e Other implementation issues

Phase 3 (future work)
* Action plan implementation

*  Monitoring and adaptive management
» Update of the impact assessment

Nongovernmental Organizations

Nongovernmental organizations and professional organi-

zations serve a wide range of special interests, and thus

respond to climate adaptation challenges in diverse ways.

Pacific Forest Trust (PFT)—

A nonprofit organization dedicated to conserving and
sustaining America’s productive forest landscapes, PFT
provides support, knowledge, and coordination on private
forest lands in the United States. Through its Working
Forests, Winning Climate program, PFT has created policy
and market frameworks to expand conservation steward-
ship of U.S. forests to help sustain ecosystem services (PFT
2011). The PFT also supports climate adaptation by working
with private forest owners to promote stewardship forestry,
whereby forests are managed to provide goods and services
that society has come to expect. The PFT currently works
with stakeholders on working forest lands to call on policy-
makers to safeguard U.S. forests for their value in adaptation
and mitigation.

The Nature Conservancy (TNC)—

A science-based conservation organization, TNC has a mis-
sion to preserve plants, animals, and natural communities
by protecting the lands and waters they need to survive. The
TNC climate change adaptation program seeks to enhance
the resilience of people and nature to climate change effects
by protecting and maintaining ecosystems that support bio-
diversity and deliver ecosystem services. The program pro-
motes ecosystem-based approaches for adaptation through
partnerships, policy strategies for climate adaptation, tools
to assist resource managers, and research. The Canyonlands
Research Center (Monticello, Utah), a TNC initiative that
conducts research and develops conservation applications
for resource issues in the Colorado Plateau region, focuses
on forest-climate concerns such as woodland ecosystem res-
toration, invasive species, and effects of drought on pinyon

pine and juniper woodlands.

Trust for Public Land (TPL)—

A conservation organization that helps agencies and com-
munities conserve land for public use and benefit, TPL uses
vulnerability assessments, resilience and connectivity data,
and other tools to realign its conservation planning at differ-
ent spatial scales. The TPL is also designing and implement-
ing restoration to enhance the climate resilience of protected
tracts. As a member of the Northern Institute of Applied
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Climate Science, TPL provides guidance to federal and
nonfederal partners on strategic planning and on-the-ground
management.

The Wilderness Society (TWS)—

The Wilderness Society leads efforts to fund natural resource
adaptation and manage lands so they are more resilient under
stresses of climate change, and is a leader in the Natural
Resources Adaptation Coalition, which is focused on main-
taining and restoring wildlands that include forest wilder-
ness. Specific TWS goals relative to adaptation in forests
include (1) restoring native landscapes to increase ecosystem
resiliency, (2) protecting rural communities and providing
flexibility in wildland fire management, (3) removing inva-
sive species from ecosystems, and (4) repairing damaged
watersheds.

Ski Industry

Although not a direct member of the forest sector, the ski
industry relies on mountainous terrain, usually forested

land leased from federal landowners, and is concerned

about reduced snow, rising temperatures, extreme weather
events, and other consequences of climate change that may
affect the profitability of ski areas. Adaptation options used
by the ski industry (Scott and McBoyle 2007) include (1)
snowmaking to increase the duration of the ski season (Scott
et al. 2006), (2) optimizing snow retention (slope develop-
ment and operational practices such as slope contouring,
vegetation management, and glacier protection), and (3)
cloud seeding. Forest vigor and stand conditions within and
adjacent to ski area boundaries are important to ski areas, be-
cause forests burned by wildfire or killed by insect outbreaks

affect snow retention, wind patterns, and aesthetic value.

Examples of Regional and National
Responses

Although general guidance and strategic plans about climate
adaptation exist for many land management agencies, strate-
gies for specific places and resource issues are in the early
stages. Below we summarize examples for which the intent
was to explore how forest adaptation strategies could be

developed for specific locations.
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Western United States

Olympic National Forest/Olympic National Park
(ONFP), Washington—

This case study in the Northwest was undertaken to repre-
sent a large landscape within a geographic mosaic of lands
managed by federal and state agencies, tribal groups, and
private landowners (Littell et al. 2011). The ONFP supports
a diverse set of ecosystem services, including recreation,
timber, water supply to municipal watersheds, pristine air
quality, and abundant fish and wildlife. Management of
Olympic National Forest focuses on “restoration forestry,”
which emphasizes facilitation of late-successional character-
istics, biodiversity, and watershed values in second-growth
forest. Collaboration with adjoining Olympic National Park,
which has a forest protection and preservation mission, is
strong.

Development of the ONFP adaptation approach em-
ployed a science-management partnership, including
scientific expertise from the CIG, to implement education,
analysis, and recommendations for action. Analysis focused
on hydrology and roads, vegetation, wildlife, and fish, which
were the resources most valued by agency resource manag-
ers and most likely to be influenced by climate change. A
vulnerability assessment workshop for each resource area
was paired with a workshop to develop adaptation options
based on the assessment, resulting in adaptation options for
management issues within each disciplinary topic. Emphasis
in adaptation was on conserving biodiversity while working
to restore late-successional forest structure through active
management. The overall process used in the case study
has been adopted by local resource managers to incorporate
climate change issues in forest plans and projects (Halofsky
et al. 2011) and is currently being used to catalyze climate-
change education, vulnerability assessment, and adaptation
planning across 2.5 million ha in Washington state (North
Cascadia Adaptation Partnership 2011).

Inyo National Forest and Devils Postpile National
Monument, California—

Inyo National Forest (INF) in eastern California contains
Mediterranean and dry forest ecosystems, grading from al-
pine through forest to shrub-steppe vegetation. Much of the
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national forest is wilderness with a high degree of biodiver-
sity. Water on the national forest is scarce, fire and insects
are important issues, and recreation is the dominant use of
public lands. Devils Postpile National Monument (DEPO)

is a small national park unit surrounded by INF lands, and
collaboration with INF is strong. Ongoing near- and mid-
term projects of highest concern focus on vulnerability of
INF resources to climate effects that might affect DEPO,
and climate adaptation is a high priority in the DEPO gen-
eral management plan. A science-management partnership
facilitated sharing of knowledge about climate change and
effects through targeted workshops (Peterson et al. 2011),
and assessment reports developed by scientists (Morelli et al.
2011a) assisted managers to consider climate effects relevant
to specific resource responsibilities. A scientific technical
committee (Peterson et al. 2011) helped to meet science
needs for managers of these units. For INF, the Climate
Project Screening Tool (Morelli et al. 2011b) was developed,
providing a screening process to rapidly assess if climate
change would affect resources in the queue for current-year
management implementation. Questions about climate-me-
diated quaking aspen (Populus tremuloides Michx.) decline
spurred a review of aspen responses to climate and an aspen
screening tool for the INF (Morelli and Carr 2011).

For DEPO, where ecosystem protection is prioritized,
managing the monument as a climate refugium (Joyce et
al. 2008, Peterson et al. 2011) is being evaluated. Because
DEPO is at the bottom of a large canyon with cold-air drain
age, it contains high biodiversity, and the potential for cold-
air drainage to increase in the future may ameliorate the ef-
fects of a warmer climate (Daly et al. 2009). In anticipation
of this, a network of temperature sensors in multiple-eleva-
tion transects and a climate monitoring station were recently
installed to measure ongoing changes in temperature.

Shoshone National Forest, Wyoming—

Resource managers in Shoshone National Forest worked
with Forest Service scientists to write a synthesis on climate
change effects and a vulnerability assessment of key water
and vegetation resources. The synthesis (Rice et al. 2012)

describes what is currently understood about local climate

and the surrounding Greater Yellowstone Ecosystem, includ-
ing paleoclimate, and how future climate change may affect
plants, animals, and ecosystems. The assessment highlights
components of local ecosystems considered most vulner-
able to projected changes in climate and will be integrated in
resource-related decisionmaking processes of forest manage-

ment through collaborative workshops to train managers.

The Strategic Framework for Science in Support of
Management in the Southern Sierra Nevada, California
(SFS)—

The SFS addresses collaborative climate adaptation for the
southern Sierra Nevada bioregion of California (Nydick

and Sydoriak 2011), including the southern and western
slopes of the Sierra Nevada, three national parks, a national
monument, three national forests, tribal lands, state and local
public lands, forest industry, and other private lands. This
landscape spans ecosystems from alpine through diverse
conifer and hardwood forests to woodland and chaparral.
The effort is coordinated by a coalition of federal resource
managers and academic and agency scientists, and was
launched with a public symposium to review the state of sci-
ence on climate issues and adaptation options. The frame-
work document (Exline et al. 2009) guides adaptation by
asking (1) Which ecosystem changes are happening, why are
they happening, and what does it mean? (2) What is a range
of plausible futures? (3) What can we do about it?, and (4)
How can relevant information be made available? Interac-
tions among climate change and habitat fragmentation,
encroaching urbanization, shifting fire regimes, invasive spe-
cies, and increasing air pollution are also being considered.
To date the SFS collaborative has generated a list of ideas to
provide knowledge and tools regarding agents of change and
potential responses (box 4.7). An information clearinghouse
will be established, including data for vulnerability assess-

ments, decision-support tools, and reports.

Southern United States

Uwharrie National Forest (UNF) represents a typical
national forest context in the southeastern United States,

containing 61 parcels mixed with private land and near
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Box 4.7

Goal 1: Detection and attribution

populations

Goal 2: Forecasting future conditions

» Alternative fire management futures

Goal 3: Tools and actions

* Both projects under goal 2 also address goal 3
e Kaweah Watershed coordinated restoration initiative

Goal 4: Communication

* Information clearinghouse for shared learning
¢ Education and outreach initiative

Integration across goals

management guidelines

» Comparison and integration of climate adaptation projects

Initiatives begun and proposed by the strategic framework for science in support of management in the Southern Sierra
Nevada cooperative and their alignment with the goals of the strategic framework. (From Nydick and Sydoriak 2011.)

+ Coordinate regional monitoring strategies—tree population dynamics and fisher (Martes pennanti Erxleben)

» Enabling forest restoration goals via ecologically managed biomass generation, including a cost-benefit analysis

* Reevaluation of invasive plant programs and practices under alternative climate futures
» Investigation of the vulnerability of blue oak woodlands to climate change and development of adaptive

metropolitan areas (Joyce et al. 2008). Providing a wide
range of ecosystem services, the region is undergoing a
rapid increase in recreational demand. The UNF identified
drought-related forest mortality, wildfire, insect outbreaks,
soil erosion, stream sedimentation, and water shortages as
key issues relative to climate effects. Revision of the forest
land management plan explicitly considers climate change
effects. Opportunities for adaptation in UNF focus on rees-
tablishing longleaf pine (Pinus palustris Mill.) through se-
lective forest management (Joyce et al. 2008). Replanting of
drought-tolerant species could provide increased resistance
to potential future drought and intense wildfire. Selective
harvest and prescribed burns also could target restoration of
longleaf pine savannas, mitigating water stress, fuel loads,
and wildfire risk anticipated under warming conditions.
Concerns about soil erosion and stream sedimentation focus
on increasing the size of stream buffer zones where trees are
not harvested. Collaboration with surrounding landowners to

remove fuels in wildland-urban interfaces is a high priority.
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Northern United States
The U.S. Forest Service in the northeast and upper Mid-

west is pursuing a comprehensive program of adaptation to
climate change (fig. 4.5), including education and training,
partnership building, vulnerability assessment and synthesis,
planning and decision support, and implementation of dem-
onstration projects. The Forest Service Northern Research
Station, Northeastern Area State and Private Forestry, and
Northern Institute of Applied Climate Science work col-
lectively to respond to climate change needs. The Climate
Change Response Framework (CCRF) developed by these
entities augments the institutional capacity of national
forests to adapt to climate change by providing a model for
collaborative management and climate change response
that can accommodate multiple locations, landscapes, and
organizations (fig. 4.6). As of 2011, three projects were un-
derway in the Northwoods, Central Hardwoods, and Central
Appalachians (fig. 4.7).

The projects focus on building science-management
partnerships, developing vulnerability assessments and
synthesis of existing information, and establishing a
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Figure 4.5—The U.S. Forest Service Eastern Region approach to climate change response works from

ecoregional scales down to the stand scale by moving information to action through partnerships, science,
and communication.

- 1. Identify location, ecosystems, and timeframe.

2. Establish partnerships.

3. Assess ecosystem vulnerabilities and mitigation potential.
4. Compile adaptation strategies and approaches.

5. Plan and implement at appropriate scales.
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managers understand the potential effects of climate
— 6. Integrate monitoring and evaluate effectiveness. change on forest ecosystems and integrate climate

J | change considerations into management. (From Swan-

ston et al. 2012.)
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Figure 4.7—The U.S. Forest Service Eastern Region with Climate Change Response Framework (CCRF) projects, identified by

shading. National forests are core partners in the CCRF projects, but the projects take an all-lands approach with numerous federal
and nonfederal partners. The goal of the CCRF is to complement science-based management decisions made by multiple organiza-
tions, each with their own diverse goals, so that forest ecosystems managed by these organizations can become better adapted to a

changing climate.

standardized process for considering management plans

and activities in the context of the assessment. First, an
ecosystem vulnerability assessment and synthesis evaluates
ecosystem vulnerabilities and management implications
under a range of plausible future climates. Second, a shared
landscape initiative promotes dialogue among stakeholders
and managers about climate change, ecosystem response,
and management. Third, a science team encourages rapid
dissemination of information. Fourth, an adaptation resourc-
es document includes relevant strategies and a process for
managers to devise appropriate tactics. Fifth, demonstration
projects incorporate project information and tools in adapta-
tion activities. The CCRF emphasizes an all-lands approach,
including national forests, other agencies, and other land-

owners and stakeholders.
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The Northwoods CCRF Project covers 26 million ha
of forest in Michigan, Minnesota, and Wisconsin, including
six national forests, the Forest Service Northern Research
Station, state resource agencies, universities, and other
stakeholders. Products to date focus on northern Wisconsin,
including a vulnerability assessment (Swanston et al. 2011),
a forest adaptation resources document (Swanston and
Janowiak 2012), and initiation of demonstration projects in
Chequamegon-Nicolet National Forest, where each district
was asked to integrate climate change considerations into
forest activities. The Medford-Park Falls District identi-
fied two aspen stands where silvicultural prescriptions had
already been written, but timber had not been marked for
harvest, then used CCRF information to consider climate

change effects and devised specific adaptation tactics.
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A demonstration project started in 2011 convenes a va-
riety of landowners, forest managers, and other stakeholders
to discuss climate change effects on specific forest ecosys-
tems, identify adaptation actions, and coordinate implemen-
tation of adaptation activities across multiple ownerships.
Participants are using CCRF information and tools to devise
adaptation tactics appropriate to their management goals.

In addition, the Central Hardwoods CCRF, which covers 17
million ha of hardwood forest in Missouri, Illinois, and Indi-
ana, has formed a regional coordinating team with partners
from three national forests, the Northern Research Station,
and other stakeholders. The Central Appalachians CCRF,
which covers 11 million ha of central Appalachian forest in
West Virginia and Ohio, includes partners from two national
forests and state forestry agencies.

National Example

Watershed vulnerability assessment—

In 2010, a draft watershed vulnerability assessment process
was tested in 11 national forests (Furniss et al. 2010), with
the goal of quantifying current and projected future condi-
tion of watersheds as affected by climate change. A principal
objective was to develop a general process that could be
tailored to local data availability and resource investment
(box 4.8). National forests were asked to include infrastruc-
ture, aquatic species, and water uses in the assessments, with
analysis areas including at least one “river basin” watershed
(hydrologic unit code [HUC] 4). Design of useful strategies
for reducing the effects of climate change on ecosystem
services requires the ability to (1) identify watersheds of
highest priority for protecting amenity values, (2) identify
watersheds in which climate-related risk to those values is
greatest and least, (3) detect evidence of the magnitudes of
change as early as possible, and (4) select actions appropri-
ate for reducing effects in particular watersheds (Peterson

et al. 2011).

Hydrologic specialists from participating forests devel-
oped an approach for quantifying watershed vulnerability
within a relatively short period, and four national forests
completed the process within 8 months. Acquiring suitable

climate exposure data (the degree, duration, or extent of

Box 4.8

Steps defining the watershed vulnerability assessment
process and the types of questions to be addressed.
(From Furniss et al. 2010.)

Step 1—Set up the analysis and establish the scope and
water resource values that will drive the
assessment

Step 2—Assess exposure

Step 3—Assess sensitivity

Step 4—Evaluate and categorize vulnerability

Step 5—Recommend responses

Step 6—Critique the vulnerability assessment

Typical questions to be addressed in a watershed
vulnerability assessment:

*  Which places are vulnerable?

*  Which places are resilient?

*  Where are the potential refugia?

e Where will conflicts arise first, and worst?

*  Which factors can exacerbate or ameliorate local
vulnerability to climate change?

*  What are the priorities for adaptive efforts?

* How can context-sensitive adaptations be designed?

*  What needs tracking and monitoring?

deviation in climate that a system experiences), which had
not been previously used by the participants, was challeng-
ing. Threshold values for species and water use differed
across the forests. For example, brook trout (Salvelinus fon-
tinalis Mitchill) was viewed as a stressor in one forest and a
valued resource in another. These differences suggest that,
whereas information on processes and resource conditions
can be shared among forests, local (forest- and watershed-
scale) assessments have the greatest value.

Challenges and Opportunities
Assessing Adaptation Response

In recent years, federal agencies responsible for adminis-
tering forest ecosystems have produced national climate
change response strategies that define adaptation goals and
describe a framework for action in field units. These strate-
gies, intended to inform and guide consistent agency-wide

responses, emphasize (1) staff training and education in
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climate sciences, (2) science-management partnerships, (3)
assessment of vulnerabilities and risks, (4) maintenance of
ecosystem sustainability and biodiversity conservation, (5)
integration of climate challenges with other forest distur-
bance agents and stressors, (6) integration of adaptation with
greenhouse-gas mitigation, (7) all-lands and collaborative
approaches (working with whole ecosystems and across
jurisdictional borders), (8) recognition of short- and long-
term planning perspectives, (9) setting priorities, and (10)
monitoring and adaptive management.

Adaptation strategies have been advanced unevenly by
federal agencies at their regional levels and across local units
(e.g., national forests and national parks). Implementation of
these strategies is assisted by the presence of local motivated
leaders, the support and flexibility provided by regional
directors and supervisors, and the understanding and concur-
rence of constituencies. Some units have worked with local
scientists to analyze regional climate projections, develop
ecosystem vulnerability assessments, and develop intellec-
tual capacity through staff and constituency education. Col-
laborative partnerships that extend across ownerships and
jurisdictions have been developed as a foundation for some
adaptation projects and an aid to communication across
ownerships with different resource objectives. A few pro-
gressive units have implemented climate adaptation projects
on the ground. Only a few site-specific adaptation projects,
as described in this chapter, have been implemented across
a range of resource issues and tiered to local and regional
strategies. Responses of state governments have also been
variable, with major forest-sector states in the Western and
Northern United States taking leading adaptation strategies.
Similar to the federal situation, concepts and frameworks for
adaptation are sometimes available, but site-specific project
implementation is rare. Education, vulnerability assess-
ments, collaborative partnerships, biodiversity protection,
and adaptive management have been key features in adapta-
tion responses by tribes and nongovernmental organizations.

Among the groups that actively address forest adapta-
tion, they commonly address climate change as a metadis-
turbance agent with other ecosystem stressors. Frequently,
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climate adaptation is not identified as the primary reason for
planning; rather, climate response strategies are subordinate
to ecosystem sustainability, forest and watershed restoration,
and biodiversity conservation. Adaptation goals are thus
commonly met through projects that address high-priority
management goals, such as management of fuels and fire,
invasive species, insects and pathogens, and watershed
condition.

Implementation of site- and issue-specific adaptation
plans has been uneven and often superficial across the forest
sector, and there appears to be a tendency to rely on quanti-
tative climate- and ecosystem-response models without cor-
roboration to local ecosystems (Millar et al. 2007). A subtle
danger in using complex, downscaled, spatially rendered
models is that users (e.g., forest managers and planners) may
accept model output as the single and likely future, rather
than one among many possible outcomes. Models are better
used to understand processes and cautiously project future
climates and ecosystem responses on specific landscapes
and definitive timescales, allowing adaptation treatments to
be developed for those outcomes. Better understanding by
practitioners of how models are built, and what they can and
cannot do, would improve effective application of model
output to adaptation.

Existing Constraints

Various organizations have made progress on adaptation in
forest lands, but implementation has been slow, integration
across the various sectors (e.g., multiple use, protected area,
forest industry) unbalanced, awareness generally low, and
site-specific projects few. Numerous barriers appear to im-
pede development and implementation of plans that would
promote widespread readiness for American forests to adapt
to climate change.

Education, awareness, and empowerment—

Many natural resource science curricula now include
courses on climate science, ecosystem responses to climate
change, and implications for resource management. How-
ever, education on historical climatology is rare. Without a
clear understanding of mechanisms of climatic dynamics,
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use of concepts like “100-year floods” or “restoration to his-
toric conditions,” which rest on assumptions of stationary
long-term conditions, may lead to inappropriate interpreta-

tions and management actions (Milly et al. 2008).

Lack of experience and understanding of climate sci-
ence by resource managers can lead to low confidence in
taking management action in response to climate threats;
similar limitations through the chain of supervision and deci-
sionmaking appear to constrain appropriate efforts. Inconsis-
tent support for climate readiness and action extending from
executive levels can impede regional planning, which in turn
sets up barriers to local implementation. Even if resource
managers are trained and competent in climate science, they
may lack support from their superiors to implement adapta-
tion strategies and projects.

Lack of public awareness of how climate change af-
fects natural resources influences the level and nature of
adaptation by public institutions. Despite widespread public
engagement in land management over the past 30 years,
pressure to act on climate change has not been as prominent
as for other resource issues. On the one hand, little support
exists for implementing projects directed to adaptation; on
the other hand, there is often strong opposition to projects
that address indirect effects of climate, such as forest thin-
ning, postfire logging, herbicide treatments to encourage re-
generation, and road improvements for watershed protection.
Nonetheless, public pressure can result in climate issues
being addressed in resource evaluations and plans.

In some cases, scientific expertise may be unavailable
even when science-based strategies are recognized as essen-
tial. Scientific institutions have suffered budget reductions,
and only some scientists have the interest and capacity to
work in management contexts. Even experienced scientists
may need to learn the culture, issues, expectations, and
scientific focus of management organizations. The demand
for scientific participation in on-the-ground adaptation will
likely continue to exceed supply as more adaptation pro-
grams evolve.

Policy, planning, and regulatory constraints—

Both public and private lands are subject to policy, planning,
and regulatory direction. Federal agencies are constrained
by hierarchies of laws and internal policy and direction,

whereas private forest landowners have greater flexibility

to determine actions and timing on their land, but remain
bound by local, state, and federal laws. In federal agencies,
site-specific projects are tiered to levels of planning at higher
levels in the organization.

In national forests, site-specific projects tier to each
forest’s land management plan. These plans guide resource
management activities on a forest to ensure that sustainable
management considers the broader landscape and values for
various resources. The U.S. Forest Service has developed
procedures through a new national Planning Rule (Fed-
eral Register vol. 76, no. 30; 36 CFR Part 219) to amend,
revise, and develop land management plans for 176 units
in the National Forest System (NFS). The Planning Rule
gives the Forest Service the ability to complete plan revi-
sions more quickly and reduce costs, while using current
science, collaboration, and an all-lands approach to produce
better outcomes for federal lands and local communities.
The Planning Rule addresses management in the context of
climate change and changing environmental conditions and
stressors, requiring plans to include components that address
maintenance and restoration of ecosystem and watershed
health and resilience, protection of key resources (e.g.,
water, air, and soil), and protection and restoration of water
quality and riparian areas.

All forest management agencies face the challenge of
working at spatial and temporal scales compatible with cli-
mate change. This demands integration of goals and projects
from small to large scales, a reality that often clashes with
the mix of ownerships and regulations, making collabora-
tion across multiple organizations essential. As noted above,
progress has been made by recent collaborative efforts that
recognized that different regulatory and policy environments
(e.g., federal versus private) were not necessarily a bar-
rier. Even at small scales, such as a single national forest or
national park, traditional planning approaches dissect lands
into discrete units. Thus, harvest units, wilderness areas,
developed recreation zones, and endangered species reserves
are delimited, subject to standards and guidelines developed
for the management zone. This area-constrained approach
is static and inflexible, incompatible with the dynamism of

climate and climate-related changes and responses.
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Environmental laws developed over the past four
decades were conceived primarily with an assumption of
climatic stationarity, and thus many lack capacity (or legal
authorization) to accommodate dynamics of climate-related
changes. For example, endangered species laws are often
interpreted as indicating native species ranges as they were
in presettlement times (e.g., before 1900). Climate changes
since then are catalyzing range shifts that sometimes define
new native ranges. Enforced maintenance of species in the
prior range could prove to be counter adaptive. The National
Forest Management Act (NFMA) of 1976 implies main-
tenance of the status quo based on historical conditions,
usually defined, like above, as presettlement (19"-century)
ranges. For example, the NFMA “diversity clause” requires
that a similar mix of species be reforested on national forest
lands after harvest as was present before. Because regenera-
tion is the most effective period for changing forest trajec-
tories, planting nontraditional mixes of similar species or
introducing new species might be a defensible adaptation

response (Joyce et al. 2008).

Monitoring and adaptive management—

Future climates and environmental conditions will likely
be nonanalog relative to the past. Compounding this situa-
tion is the imprint of human land use that has fragmented,
restructured, and altered forest ecosystems over the past
century. Forest adaptation practices must meet this challenge
of novelty and surprise with equally innovative approaches
informed by monitoring and adaptive management (“learn
as you go”). However, adaptive management in public
agencies and other institutions has had minimal success and
been implemented slowly, owing in part to lack of funding
commitment and lack of analyst capacity. Reorientation

of programs, expectations, and interactions with public
constituents will be required for monitoring and adaptive
management to become a successful partner to adaptation.

Budget and fiscal barriers—

Significant additional funding will be needed for a full
national response to forest climate adaptation. Education and
training, development of science-management partnerships,
vulnerability assessments, and development of adaptation

154

strategies are critical components of the adaptation process
and can be integrated with other aspects of management, but
effective consideration of climate requires additional time
and effort. Collaboration across management units and or-
ganizations, leveraging of institutional capacities, and other
innovative solutions will be needed to address this budget
challenge.

Vision for the Future

Vision—

Facilitating long-term sustainability of ecosystem function is
the foundation of climate change adaptation. Just as there is
no single approach to sustainable forestry, effective climate
change adaptation will differ by ecosystem, management
goals, human community, and regional climate. If adapta-
tion is addressed in a piecemeal fashion (ecological, geo-
graphic, and social), large areas and numerous communities
within the forest sector may suffer the consequences of poor
preparation, slow response, and inefficiencies. The preced-
ing sections describe principles, policies, approaches, and
examples of addressing the challenges of climate adaptation.
Here we offer a vision of successful adaptation across U.S.
forests within the next 20 years: “A proactive forest sector
makes the necessary investments to work across institutional
and ownership boundaries to sustain ecosystem services by
developing, sharing, and implementing effective adaptation
approaches.” This broad vision incorporates several critical
concepts, each embodied by its own vision.

Investment—

Sufficient investment is allocated to successfully achieve
visions of development, sharing, and implementation. This
includes (1) investment in basic and applied research; (2)
support of adequate staffing to accommodate increased plan-
ning, monitoring complexity, and interaction with partners;
and (3) concerted effort to communicate to the general
public the dynamic nature of climate and forests. Monitoring
and data sharing are critical to adaptation and adaptive man-
agement, and are jointly supported across multiple agencies
and land ownerships. Climate change resource centers, in-
structional courses, and professional meetings are supported
to encourage rapid communication and amplify learning in
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adaptation management and science. Planning, decisionmak-
ing, and contracting processes that support implementation
of ground-level activities are adequately funded so that lands
in need of adaptive treatments can be reached before ecosys-
tem function is jeopardized.

Development—

Research—Research into all aspects of forest ecosystem
sciences continues to provide valuable insights into forest
responses to climate change. Research into effectiveness of
climate-adaptation strategies guides adaptive policy re-
sponses.

Assessment—Credible information is regularly produced
and updated at scales relevant to management decisions
that (1) assess vulnerability of ecosystem components, (2)
incorporate a range of climate projections, (3) use multiple
modeling approaches to project ecosystem response, and
(4) incorporate skills and experience of scientists and land
managers.

Learning—Active learning occurs through traditional re-
search and other pathways: (1) formal adaptive management
trials continually produce information to evaluate adaptation
techniques; (2) working forests, especially national forests,
serve as “living laboratories” with adequate support to pur-
sue adaptive management including adaptation techniques;
and (3) management on federal lands is sufficiently docu-
mented and monitored to identify broad landscape trends
and efficacy of adaptation efforts.

Sharing—

Transparency—Management goals are clearly stated in
forest planning documents, and explicit options for sustain-
ing ecosystem function under a range of plausible future
climates provide a preview of potential choices in meeting
those goals.

Communication—\ulnerable ecosystems and ecosystem
components are identified in vulnerability assessments and
noted in management plans. Existing or conditional deci-

sions to pursue different adaptation options are explicit in

management plans, and associated risks to ecosystem ser-
vices are addressed. This information is proactively shared

and discussed with the general public.

Ownerships—Increased investment in local programs that
facilitate forest stewardship assists small landowners in
managing sustainably. Outreach to consulting foresters and
professional associations creates an informed base of private
landowners. Information about management activities is
shared across boundaries of all public and private lands to
enable the forest sector to take advantage of biological and
management diversity across large landscapes. Collaboration
to manage across administrative and ownership boundaries
is commonplace.

Partnerships—Adaptation across landscapes is addressed
by engaging in productive partnerships, spanning boundaries
of agency, ownership, and discipline. Science-management
partnerships provide critical information and perspective to
members of each discipline and form strong communities of
practice.

Implementation—

Planning—Climate change is incorporated in all planning
activities, and on-the-ground prescriptions are adjusted to in-
clude adaptation where necessary. Planning is developed for
explicit locations with attention to appropriate scale. Public
land managers and forestry consultants are well versed in
finding and interpreting climate and vegetation projections,
and in adjusting plans to accommodate a range of plausible
future climates. Open avenues of discussion provide the
scientific community with feedback on the relevance and
clarity of tools, information, and research directions.

Monitoring—Monitoring is integrated across multiple scales
and coordinated across institutions. Monitored indicators are
sensitive to changes in key ecosystem components. Moni-
toring data and summaries are freely available. Monitoring
data, clear thresholds, and transparent processes for inter-
pretation of data are incorporated in processes for decision-
making and changes in management practices (the adaptive
management cycle).
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Flexibility—Management plans acknowledge the increased
potential of extreme events, novel climates, and unantici-
pated ecosystem responses. Decisionmaking structures
have adequate flexibility to accommodate multiple potential
futures, and to adopt alternative goals if prior goals are no
longer feasible in vulnerable systems. Likewise, if adapta-
tion approaches are ineffective, they are redirected. Lessons
are shared with the management and scientific communities

to encourage transparency and flexibility.

Implementation—New information and lessons are rapidly
incorporated in management activities. Active management
is used to promote resistance in short terms and long-term
resilience where appropriate, and the backlog from previous
decades of lands in need of treatment is diminishing. Some
forests are managed to “soften the landing” as they transition
to new species assemblages and forest structures, such that
ecosystem processes and ecosystem services are maintained.
Forests affected by extreme events are rapidly restored, with
due consideration of future climatic effects on species com-
position and the long-term function of the recovering forest.

Path to the Vision

The U.S. forest sector can make significant progress toward
a vision of sustained forest ecosystem function in the face of
climate change by doing the following:

e Embrace education. Widespread understanding of the
central role of climatic dynamics in ecosystem processes
and services is fundamental; therefore, training and
educational programs need to be deployed for resource
professionals in agencies and for other organizations
and the general public. Partnerships with universities
can enhance scientific support to science-management
partnerships for both adaptation and education.

* Ensure accountability and infuse climate into all
organizational efforts. The responsibility for ensuring
that resource management plans, projects, and decisions
are “climate smart” rests on every professional within
agencies and other organizations. Knowledge about
climate is not an independent staff area but a context

through which resource issues can be evaluated.
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Implementation of this knowledge is the responsibility of
personnel across all resource disciplines.

e Live the all-lands approach and make collaboration
the norm. Effective collaboration across administrative,
political, and ownership boundaries, and across diverse
cultural and social perspectives is difficult but necessary,
often requiring focused effort over an extended period.
“Early adapter” collaborations show how regulations,
traditions, cultures, and organizational legacies can be
navigated successfully. These collaborations need cross-
agency and cross-sector support to catalyze effective
partnerships.

e Streamline planning and put projects on the ground.
Nimbleness and flexibility to implement changes are
essential ingredients for successful adaptive responses
to climatic challenges. Much of the current planning
and project implementation process in public agencies
contains bureaucratic requirements that detract from
actual resource work. Planning processes that prioritize
project implementation, including uncertainty, risk,
and provisions for experimentation will have the most
success. For resource managers, emphasizing education
and resource projects rather than administrative tasks

will expedite timely adaptation accomplishments.

The challenge of climate change adaptation will require
creativity by future generations of forest resource man-
agers. No one agency or organization can fully meet the
challenge, but this task is within reach of the forest sector
if willing partners work collaboratively toward sustainable
management grounded in knowledge of climate science and
dynamic ecosystems.

Carbon Management

Sequestering more carbon (C) in forests and offsetting C
emissions with use of wood for energy and products are two
of a range of objectives in managing forests. Increasing C
storage and C offsets across a range of C pools and emission
sources contributes to stabilizing atmospheric concentrations
of carbon dioxide (CO,). One time period of interest for the
effect of an increase in C emissions on radiative forcing is
100 years (Pachauri and Reisinger 2007). Another, although
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less well defined, is the time period required to achieve

... stabilization of greenhouse gas (GHG) concentrations
in the atmosphere at a level that would prevent dangerous
anthropogenic interference with the climate system” (United
Nations 1992). In addition, management activities that
would be most desirable would contribute co-benefits, avoid
adverse impacts, and sustainably provide needed goods,
services, and values.

The historical and current conditions of U.S. forests,
forest management practices, and use of forest products have
resulted in net C additions to forests and to harvested wood
products stocks (tables 4.6, 4.7). However, recent forest
sector projection scenarios for the 2010 Resource Planning
Act assessment (USDA FS 2012a) suggest that annual C
additions could decline more rapidly and U.S. forests could
become a net C emitter of 10s to 100s of Tg-C-yr ! within a
few decades. This possibility highlights the urgency in iden-
tifying the most effective C management strategies given the
complexity of factors that drive broader trends on the forest
C cycle, and the broad variety of goods, services, and values
forests provide.

Understanding biophysical and social influences on the
forest C cycle is critical to developing management strate-
gies that can be used to effectively manage forest C stocks
and offset C emissions with minimal risks of failure and
adverse environmental effects (tradeoffs). With sufficient
knowledge of social processes (e.g., landowner or wood-user
response to incentives and markets), policies and incentives
may be chosen to support strategies with maximum effect.
For example, if forest C stocks are expected to decline ow-
ing to decreasing land area caused by land use change (e.g.,
exurban development), policies or incentives to avoid defor-
estation in those areas may be especially effective. Also, if
forest C stocks are expected to decline owing to the effects
of changing climate (e.g., prolonged periods of drought),
thinning might be especially effective in those areas by
protecting C stocks or ensuring some level of continued
productivity. Thinning might also reduce impacts on water
availability (mainly in arid and semiarid environments) and
help increase forest resilience to various stressors (Jackson
et al. 2005, Millar et al. 2007, Reinhardt et al. 2008). Pro-

tecting old-growth forests and other forests containing high

C stocks may be more effective than strategies that would
seek to attain C offsets associated with wood use, especially
if those forests would recover C very slowly or would not
recover in an altered climate.

Sometimes, even if harvest treatment strategies are ef-
fective, there may be tradeoffs (losses) judged to be greater
than the offset benefits, such as loss of biodiversity in
sensitive areas. Alternately, if climate change is expected to
increase potential productivity on a given area over a long
period of time, increasing forest C stocks through intensive
management and forest products, including biomass energy;,
may be especially effective. Equally important, knowing
which strategies to avoid for specific areas will prevent
excessive risks and tradeoffs that could make strategies
unsustainable. No widely accepted evaluation framework
exists to aid decisionmaking on alternative C management
strategies designed to maximize C storage while minimizing
risks and tradeoffs.

This section discusses (1) current details and trends
on where forest C is stored in the United States, (2) issues
concerning how to measure progress and effectiveness in
averting emissions, (3) current knowledge on the effective-
ness of various management strategies in reducing atmo-
spheric GHGs, and (4) effects of incentives, regulations, and
institutional arrangements in implementing C management
strategies.

Status and Trends in Forest-Related
Carbon

Net annual C additions to forests and harvested wood
products account for the vast majority of total annual GHG
sequestration among all land uses in the United States (fig.
4.8). Within forests, the two largest C components are
aboveground biomass and soil organic C (fig. 4.9). Because
aboveground biomass accumulates, then shifts to dead wood,
litter, or wood products in a matter of decades, there is an
opportunity for forest management and land use activities to
affect aboveground biomass accumulation and its disposition
over decadal time (i.e., management modifications can result
in higher C accumulation and emission offsets).

The change in forest C stocks over time is determined

by change in forest area and the change in forest C per unit
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Table 4.6—Net annual changes in carbon stocks in forest and

harvested wood pools, 1990-2009

Carbon pool 1990 2000 2005 2009
——Teragrams of carbon per year ——
Forest:
Live, aboveground -98.2 -78.3 -122.1 -122.1
Live, belowground -19.3 -15.7 -24.1 -24.1
Dead wood -8.6 -3.5 -8.4 9.1
Litter -8.8 7.5 -11.4 -11.4
Soil organic carbon -14.9 17.6 -53.8 -53.8
Total forest -149.8 -72.4 -219.9  -220.6
Harvested wood products:
Products in use -17.7 -12.8 -12.4 1.9
Products in solid waste disposal sites ~ -18.3 -18.0 -16.3 -16.7
Total harvested wood products: -35.9 -30.8 -28.7 -14.8
Total net flux -185.7 -103.2 -248.6  -2354
Source: USEPA 2011.
Table 4.7—Carbon stocks in forest and harvested wood pools,
1990-2010
Carbon pool 1990 2000 2005 2010
———— Teragrams of carbon — — — —
Forest:
Live, aboveground 15,072 16,024 16,536 17,147
Live, belowground 2,995 3,183 3,285 3,405
Dead wood 2,960 3,031 3,060 3,105
Litter 4,791 4,845 4,862 4,919
Soil organic carbon 16,965 17,025 17,143 17,412
Total forest 42,783 44,108 44,886 45,988
Harvested wood products:
Products in use 1,231 1,382 1,436 1,474
Products in solid waste disposal sites 628 805 890 974
Total harvested wood products: 1,859 2,187 2,325 2,449
Total carbon stock 44,643 46,296 47211 48,437

Source: USEPA 2011.
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area (C density). Since the 1950s, timberland area nation-
wide has been stable (fig. 4.10) while the C per unit area has
been increasing (i.e., increasing C density). In recent years,
the annual increase per unit area has been increasing. The
slow accumulation of forests is primarily the result of large-
scale reforestation of the United States since the early 1900s.
The increasing rate of annual sequestration is a result of
gross growth per year continuing to increase, while mortal-
ity has increased slowly and harvest removals have stablized
(fig. 4.10). Although there are national trends of stable forest
area and increasing annual additions of C to forests, it is
likely that there are local areas where mortality plus harvest
exceeds growth.

Aboveground biomass C stocks are largely found in
the Pacific coastal region, Appalachian Mountains, Rocky
Mountains, Lake States, and central hardwoods (fig. 4.11).
Despite the gradual net increase in forest land area and
increased C stocks per unit area, there can be higher varia-
tion in net annual C sequestration at smaller spatial scales.
A forest can easily become a net emitter of C on account of
local disturbances such as wildfire. For most counties, it is
estimated that C stocks have been increasing in recent years
(fig. 4.12), although uncertainty in annual net sequestration
estimates increase greatly as the scale decreases. Given the
low density of forest plots that are remeasured each year,
estimates of interannual variation in forest C stocks for a
local area may only be detectable after major changes such
as those occurring after large disturbance events (e.g., large
wildfire).

Monitoring and Evaluating Effects of
Carbon Management

Figure 4.13 shows C storage and emission processes that
can be affected by management of C in forests and wood
products. Carbon changes are evaluated by tracking C flows
across the system boundaries over time. The boundary
around the “forest sector” includes forest, wood products,
and wood energy processes. The system boundary includes a
defined forest area. A system can be defined to include only
C fluxes to and from forests or wood products, or it may
include C fluxes from equipment used to manage forests and

make and transport wood products, nonwood products, and
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fossil fuel feedstocks. The effectiveness of C management
activities for mitigating GHG emissions is based on forest
removal (and retention) of CO, from the atmosphere.

Forest management can also affect GHG emissions be-
yond the “forest sector.” System boundaries can be expanded
to include processes to make energy from fossil fuels where
wood energy can substitute, or to include GHG emitting pro-
cesses to make nonwood products where wood products can
substitute. System boundaries can also be expanded beyond
the defined forest area to nonforest arecas where actions may
cause indirect land use change and associated GHG emis-
sions. System boundaries also include a definition of the
time period over which C storage or emissions are evalu-
ated. The choice of system boundaries affects the overall
assessment, and defining an objective to alter C management
strategy, store C, or alter emissions cannot be done without
clearly defining boundaries, processes, and time period. Cur-
rently, no standard approach exists for doing this to evaluate
forest biomass as a replacement for fossil fuels.

Evaluation of C management strategies associated with
forests requires (at a minimum) (1) monitoring C stock
changes and emissions over time, and (2) evaluating the ef-
fects of altered activities that affect in-forest C (in situ) and
associated C storage or emissions outside forests (ex situ).
The first accounting framework (type A) determines how C
fluxes in terrestrial systems and harvested wood products
have actually changed for a current or past period because
of management actions and other factors such as natural
disturbances. The second accounting framework (type B)
determines the degree to which a change in management
under various mitigation strategies could increase C storage
and decrease emissions.

This accounting compares mitigation activities to a
baseline to determine the magnitude of additional C offsets
compared to the baseline. A baseline is the level of C stock,
C stock change, level of emissions or emissions change as
the result of a given set of land conditions and activities
(e.g., forest management, timber harvest, and disturbances)
and off-land activities (e.g., substitution for fossil emissions,
as defined by the accounting system and boundaries at a
point in time or over a period of time). A baseline can be
defined by a past set of conditions or an envisioned future set
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of conditions. The effectiveness of a new strategy, such as
an incentive to increase wood use for energy, is determined
by changes in landowner behavior. For example, with high
energy use (high price) some landowners may convert non-
forest land to wood plantations and accumulate more C as
well as gain benefit from substituting wood for fossil fuel. In
addition, an increase in wood prices could cause pulpwood
to be used for energy and decrease oriented strandboard
panel production and resultant C storage in panels.

A specific accounting framework for evaluating C man-
agement must include, explicitly or implicitly, a specifica-
tion of the type of accounting framework (A or B) and of the
system boundaries for the processes included (e.g., forest
sector, service sector, nonforest land use, specific forest area,
time period, wood C only, and other GHG emissions from
processes).

A “common” type A accounting framework for monitor-
ing is to define system boundaries to include current annual
C exchange with the atmosphere from forest ecosystems at
a given geographic scale, plus C additions and emissions for
harvested wood products from those forests (fig. 4.13). This
framework can be used to answer this management ques-
tion for a given forest area: “Are forests and forest products
continuing to (collectively) withdraw and store C from the
atmosphere?” The framework is also the basis for reporting
GHG emissions and sinks in many accounting systems such
as that used in annual reports to the United Nations Frame-
work Convention on Climate Change.

This framework is not intended for evaluating the full
effects on atmospheric CO, of a change in strategy, which
would require a system boundary that includes changes in
nonwood C emissions and C emissions or storage outside
the forest. Some excluded changes may include altered fos-
sil fuel use, other land use emissions, and altered nonwood
product emissions (fig. 4.13). Evaluating strategy changes
requires a framework that includes all processes that sig-
nificantly change atmospheric CO,. If changes in emissions
occur over many years, the framework must evaluate CO,
fluxes over many years. For example, a strategy to increase
use of wood for heat, electric power, or biofuels via incen-

tives at a national level would change CO, flux estimates

compared to a given baseline over an extended time from
(1) wood for energy, (2) fossil fuels for energy, (3) land use
change (crops to plantation, or forest to intensive plantation),
and (4) flux from forests where wood is removed (including
regrowth after removal). The accounting system needs to
include all processes noted in fig 4.13.

“Leakage” is a term used to recognize certain C effects
when evaluating the effects of a policy or management
change by using a type B accounting framework. Leakage is
the C effects of a program change that are outside the system
boundaries defined by a limited set of processes, (e,g., C
changes for a specific forest area). Leakage, which includes
C changes on land outside of a system boundary (e.g.,
caused by changes in harvest or land use) (Gan and McCarl
2007, Murray et al. 2004, Pachauri and Reisinger 2007,
Schwarze et al. 2002, Sohngen et al. 1999), differs depend-
ing on the mitigation activity and can be quite high (Gan
and McCarl 2007, Murray et al. 2004). In the United States,
leakage estimates associated with activities on a given land
area range from less than 10 percent to greater than 90 per-
cent (proportion of C benefit lost), depending on the activity
and region (Murray et al. 2004). Globally, leakage estimates
range between 42 and 95 percent (Gan and McCarl 2007).

Leakage tends to be highest where programs constrain
the supply of forest products (e.g., no harvest is allowed)
or constrain land use change (e.g., forest land conversion to
agriculture) (Aukland et al. 2003; Depro et al. 2008; Mur-
ray et al. 2004; Sohngen et al. 1999, 2008; Sohngen and
Brown 2008). In contrast, the indirect effects of a program
can increase C benefits outside of a system boundary, a
phenomenon termed “spillover” (Magnani et al. 2009). For
example, spillover can occur if an increase in plantation
forestry reduces C losses from established forests by increas-
ing C flows in cheaper forest products (Magnani et al. 2009).
Defining system boundaries to include indirect effects on C
(e.g., multinational programs) or otherwise accounting for
leakage ensures program integrity.

Carbon storage strategies may be ineffective because of
flaws in incentive structures or policies, and not caused by
the biophysical attributes of the strategy itself. For example,
an incentive program might favor harvesting large trees
that produce lumber, assuming that lumber would replace
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building materials that emit more C in manufacturing. If this
incentive strategy were implemented, the lumber could go to
nonbuilding uses, or an increase in harvest by one landowner
could be offset by a decrease by another. This is a flaw of the
incentive system, not of the underlying wood substitution
strategy. If there were incentives for builders to use wood in
structures rather than alternate materials, the strategy could
be effective in reducing overall emissions from manufac-
turing; however, the effectiveness depends on the assumed
changes in forest management.

As described above, the focus of evaluating C manage-
ment strategies was on understanding how altered manage-
ment influenced C on a given land area. It is also possible to
evaluate strategies by focusing on the change in C storage
or emissions associated with producing one unit of wood
energy or one unit of wood product, by using life cycle
assessment (LCA). An “attributional LCA” is similar to a
type A accounting framework and includes specification of
processes that include forest growth, harvest, manufacturing,
end use, disposal, and reuse, with the objective of estimat-
ing storage and emissions over the life cycle of one unit of
product. Attributional LCAs are used to monitor inputs and
emissions associated with production and do not include all
process that would be affected by a change in production or
in processes. A “consequential LCA” also specifies a unit
of product and system boundary, but is similar to the type B
framework noted above because the objective is to estimate
the change in emissions associated with a one-unit change in
product production or some change in processes over the life
cycle. Consequential LCAs are typically used to analyze the
potential response of a change to a system, such as a change
in policy, and can include the effect of changing demand
levels for products on production and emissions from other
products across many sectors.

Different C management strategies are often evaluated
by using different system boundaries, accounting frame-
works, models, assumptions, functional units (land area vs.
product units), and assumed incentives. Therefore, it can be
difficult to compare the effectiveness of different strategies.
However, it is possible to describe the effects of strategies
on changing particular processes, uncertainty in attaining the
effects, and timing of the effects.
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Carbon Mitigation Strategies

Carbon mitigation through forest management focuses on
(1) land use change to increase forest area (afforestation) or
to avoid deforestation, or both; (2) C management in exist-
ing forests; and (3) use of wood as biomass energy, in place
of fossil fuel or in wood products for C storage and in place
of other building materials. Estimates of the amount of the
Nation’s CO, emissions offset by forests and forest products
(using the type A framework) vary with assumptions and
accounting methods (e.g., from 10 to 20 percent) (McKinley
et al. 2011), with 13 percent (about 221 Tg-C-yr ') being
the most recent estimate for the United States (USEPA
2011). The first two strategies aim to maintain or increase
forest C stocks (using the type B framework with a bound-
ary around forest area and other land capable of growing
forests). The last strategy focuses on increasing C storage or
reducing fossil fuel emissions, including C fluxes associated
with forests and products removed from the forest (using
the type B framework with a boundary around the forest
sector, services, and nonforest land processes [fig. 4.13]. The
mitigation potential of these strategies differs in timing and
magnitude (table 4.8).

Land use change: afforestation, avoiding deforestation,
and urban forestry—
Afforestation—In the United States, estimates of the poten-
tial for afforestation (active establishment or planting of for-
ests) to sequester C vary from 1 to 225 Tg-C-yr "' for 2010 to
2110 (U.S. Climate Change Science Program 2007, USEPA
2005). Afforestation can be done on land that has not been
forested for some time (usually more than 20 years), such as
some agricultural lands, or on lands than have not historical-
ly supported forests, such as grasslands. Reforestation refers
to establishing forests on land that has been in nonforest use
for less than the specified time period. Mitigation potentials,
cobenefits, and environmental tradeoffs depend on where
afforestation and reforestation efforts are implemented
(table 4.8).

The mitigation potential of afforestation and reforesta-
tion on former forest land is significant and generally has the
greatest cobenefits, lowest risk, and fewest tradeoffs. Forest

regrowth on abandoned cropland comprises about half of the
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U.S. C sink (Pacala et al. 2001). One study estimated that
sequestering the equivalent of 10 percent of U.S. fossil fuel
emissions (160 Tg of C) would require that 44 million ha, or
one-third of U.S. croplands, be converted to tree plantations
(Jackson and Schlesinger 2004). Another report estimates
that 262 000 to 1 133 000 ha are needed to sequester 1 Tg
of C annually (USEPA 2005). Given potential global food
shortages and high value of many crops, forest establishment
on productive croplands is not likely tenable and may cause
project leakage (Murray et al. 2004). However, establishing
forest plantations on marginal agricultural land or abandoned
agricultural land is more feasible, because potential interfer-
ence with food production is lower. Where climatic and soil
conditions favor forest growth (over crops), irrigation and
fertilization inputs would be low relative to gains in C stor-
age. Cobenefits may include erosion control, improved water
quality, higher species diversity, and wildlife habitat. The
cobenefits of afforestation are enhanced where native species
comprise a substantial proportion of the regenerated forest.
Monocultures of nonnative or native improved-growth spe-
cies may yield high C storage rates and have a low risk for
unintended results, but may also provide fewer cobenefits.
Afforestation on lands that do not naturally support
forests may require more human intervention and environ-
mental tradeoffs. Carbon storage in tree and shrub encroach-
ment into grasslands, rangelands, and savannas is estimated
to be 120 Tg-C-yr ', a C sink that could be equivalent to
more than half of what existing U.S. forests sequester annu-
ally, although this estimate is highly uncertain (U.S. Climate
Change Science Program 2007). This C sequestration shows
the potential (unintentional) effects of land use change and
other human activities (Van Auken 2000). Planting trees
where they were not present historically can sometimes alter
species diversity, lower the water table, cause soil erosion
on hill slopes, and absorb more solar energy compared
with the native ecosystem (Farley et al. 2008, Jackson et al.
2008, Jobbagy and Jackson 2004, McKinley and Blair 2008,
Schwaiger and Bird 2010). Irrigation and fertilization would
likely be needed in many areas, particularly in arid and semi-
arid regions, which might compete with agricultural water
supply and other uses. Afforestation also has the potential to

reduce streamflow because some species of trees use more
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water than grasses or crops (Farley et al. 2005, Jackson et al.
2005). Use of nitrogen (N) fertilizers may increase nitrous
oxide emissions, a GHG with roughly 300 times more global
warming potential than CO,. This type of afforestation has
more risks compared with afforestation on lands that natu-
rally support forests.

Avoiding deforestation—Avoiding the loss of forested

land can prevent a significant loss of C to the atmosphere.
Currently, global deforestation results in the gross annual
loss of nearly 90 000 km?, or 0.2 percent of all forests (FAO
2007, Pachauri and Reisinger 2007), which is estimated to
release 1400 to 2000 Tg-C-yr !, with about two-thirds of the
deforestation occurring in tropical forests in South America,
Africa, and Southeast Asia (Houghton 2005, Pachauri and
Reisinger 2007). Over a recent 150-year period, global land
use change released 156 000 Tg of C to the atmosphere,
mostly from deforestation (Houghton 2005). In contrast,
forested area in the United States increased at a net rate

of about 340 000 ha-yr ! in a recent 5-year period (2002

to 2007). Increases in forested area and forest regrowth

are largely responsible for the current U.S. forest C sink of
211 Tg-C-yr ' (USEPA 2011). However, these dynamics
will change, with future land use expected to decrease total
forested area by more than 9 million ha by 2050 (Alig et al.
2003). Development and conversion of forest to pasture or
agricultural land are responsible for much of the current and
expected loss of forests. In addition, increased area burned
by fire may result in the conversion of some forests to shrub-
lands and meadows (Westerling et al. 2011), or a perma-
nent reduction in C stocks on existing forests if fire-return
intervals are reduced (Balshi et al. 2009, Harden et al. 2000).
Potential C mitigation estimates through avoided deforesta-
tion are not available for the United States.

Avoided deforestation protects existing forest C stocks
and has many cobenefits and low risk (table 4.8). Cobenefits
include maintaining ecosystem properties and processes,
such as watersheds, biodiversity, wildlife habitat, and some
recreational activities (McKinley et al. 2011). Risks include
incentives to avoid deforestation in one area that may in-
crease removal of forest in other areas, with little net lower-
ing of atmospheric CO,. Avoided deforestation may decrease
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economic opportunities for timber, agriculture, pasture, or
urban development (Meyfroidt et al. 2010). Leakage can be
large for avoided deforestation, particularly if harvest is not
allowed (Murray et al. 2004). Regenerating forests after se-
vere wildfires may be important for avoiding conversion of
forest to meadow or shrubland (Donato et al. 2009, Keyser
et al. 2008).

Urban forestry—Urban forestry, the planting and manage-
ment of trees in and around human settlements, offers lim-
ited potential to store additional C, but urban trees provide
some indirect ways to reduce fossil fuel emissions and have
many cobenefits. Although U.S. urban C stocks are surpris-
ingly large (Churkina et al. 2010), the potential for urban
forestry to help offset GHG emissions is limited for two
reasons: (1) urban areas make up only a small fraction of
the U.S. landscape (3.5 percent) (Nowak and Crane 2002),
and (2) urban trees generally require intensive management.
Urban forests have important indirect effects on climate by
cooling with shading and transpiration, potentially reduc-
ing fossil fuel emissions associated with air conditioning
(Akbari 2002). When urban forests are planted over very
large regions, the climate effects are less certain, because
trees have both warming effects (low albedo) and cooling
effects, and may result in complex patterns of convection
that can alter air circulation and cloud formation (Jackson et
al. 2008). However, urban trees can have high mortality rates
in all regions (Nowak et al. 2004), and they require ongoing
maintenance, particularly in cities that are in arid regions;
risks increase when irrigation, fertilization, and other forms

of maintenance are necessary (Pataki et al. 2006).

In Situ Forest Carbon Management

Carbon mitigation through forest management focuses on
efforts to increase forest C stock by either decreasing C
outputs in the form of harvest and disturbance, or increasing
C inputs through active management. Potential C mitigation
for a combined effort including increased harvest intervals,
increased growth, and preserved establishment could remove
105 Tg-C-yr -, although achieving these results would
require large land areas. It is estimated that between 479 000

and 707 000 ha of manageable forest land is needed to store
1 Tg-C-yr ' (USEPA 2005).

Increasing forest carbon by decreasing harvest and
protecting large carbon stocks—

Forest management can increase the average forest C stock
by increasing the interval between harvests or decreasing
harvest intensity (Balboa-Murias et al. 2006, Harmon and
Marks 2002, Harmon et al. 2009, Jiang et al. 2002, Kai-
painen et al. 2004, Liski et al. 2001, Schroeder 1992, Seely
et al. 2002, Thornley and Cannell 2000). Increasing harvest
intervals would have the biggest effect on forests harvested
at ages before peak rates of growth begin to decline (culmi-
nation of mean annual increment [CMALI]), such as some
Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) forests
in the northwestern United States. Increasing rotation age for
forests with low CMALI, such as southern pine species that
are already harvested near CMAI, would yield a decreasing

benefit per year of extended rotation.

Harvesting forests with high biomass and planting a
new forest reduces overall C stocks more in the near term
than if the forest were retained, even counting the C storage
in harvested wood products (Harmon et al. 1996, 2009). For
example, some old-growth forests in Oregon store as much
as 0.0011 Tg-C-ha' (Smithwick et al. 2002), which would
require centuries to regain if these stocks were liquidated
and replaced, even with fast-growing trees (McKinley et al.
2011). Low intensity or partial harvests, including leaving
dead wood on site, maintain higher C stocks compared to
clearcuts (Harmon et al. 2009), while possibly reducing the
risk of disturbance, such as fire and damaging storms, and
concurrently allowing forests to be used for wood products
or biomass energy. However, although thinning increases
the size and vigor of residual trees, it generally reduces
net C storage rates and C storage at the stand scale (Dore
et al. 2010, Schonau and Coetzee 1989). Studies evaluat-
ing the harvest effects on soil C provide mixed conclusions
(Johnson and Curtis 2001, Nave et al. 2010). Decreasing
removal of C from forests through longer harvest intervals
or less intense harvests increases forest C stocks. Benefits
of decreased outputs include an increase in structural and
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species diversity (table 4.8). Risks include C loss owing to
disturbance and reduced substitution of wood for materials

that emit more C in manufacturing.

Managing forest carbon with fuel treatments—

Since 1990, CO, emissions from wildland forest fires in the
conterminous United States have averaged 67 Tg-C-yr !
(USEPA 2009a, 2010). The possibility that fuel treatments,
although reducing onsite C stocks, may contribute to mitiga-
tion by providing a source for biomass energy and avoiding
future wildfire emissions, is attractive, especially because
fuel treatments may play an important role in climate change
adaptation. Fuel treatments have other important benefits, in-
cluding their potential to protect property and restore forest
conditions more resilient to periodic wildfire. It is unlikely
that fuel treatments would be implemented solely to manage
C stocks.

Fuel treatments are a widespread forest management
practice in the Western United States. (Battaglia et al. 2010),
and are designed to alter fuel conditions to reduce wildfire
intensity, crown fires, tree mortality, and suppression dif-
ficulty (Reinhardt et al. 2008, Scott and Reinhardt 2001).
Fuel treatment to reduce crown fire hazard can be done by
reducing surface fuels, ladder fuels (small trees), and canopy
fuels (Peterson et al. 2005). All of these remove C from the
site, whether through harvest or prescribed fire (Reinhardt et
al. 2010, Stephens et al. 2009), and alter subsequent forest C
dynamics by modifying the residual stand.

Crown fires often result in near-total tree mortality,
whereas many trees can survive surface fires. This contrast
in survival has led to the notion that fuel treatments may
offer a C benefit by removing some C from the forest to
protect the remaining C (Dore et al. 2010, Finkral and Evans
2008, Hurteau et al. 2008, Mitchell et al. 2009, Stephens et
al. 2009). Thinned stands that burn in a surface fire typi-
cally have much higher tree survival and lower C losses
than similar, unthinned stands that burn in a crown fire (e.g.,
Finkral and Evans 2008, Hurteau and North 2009, Hurteau
et al. 2008, Stephens et al. 2009), although the net effect of
fuel treatment C removal and surface fire emissions may
exceed that from crown fire alone, even when materials from

fuel treatments are used for wood products (Reinhardt et al.
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2010). Because fuel treatment benefits are transient, they
may lapse before a wildfire occurs, in which case the C re-
moved by the fuel treatment is not offset by reduced wildfire
emissions.

Modeling studies suggest that fuel treatments in most
landscapes will result in a net decrease in landscape C over
time (Ager et al. 2010, Harmon et al. 2009, Mitchell et al.
2009), because the savings in wildfire emissions is gained
only on the small fraction of the landscape where fire occurs
each year. For treatments to yield a substantial C benefit, the
following conditions would be required: (1) relatively light
C removal would substantially reduce emissions, (2) fire
occurrence is high in the near term (while fuel treatments
are still effective), and (3) thinnings can provide wood for
energy or long-lived products that yield substitution benefits.
If fuel treatments are implemented, it is advantageous from
a C management standpoint to use removed fuels for energy
production or wood products, rather than burning them
onsite (Coleman et al. 2010, Jones et al. 2010). Feasibility
and energy implications depend in part on hauling distance
(Jones et al. 2010). An intriguing alternative to hauling
bulky biomass to conversion facilities is in situ pyrolysis
to produce energy-dense liquid fuel and biochar which can
remain onsite to enhance soil productivity and sequester C
(Coleman et al. 2010).

Increasing forest carbon stocks by increasing forest
growth—

Increasing growth rates in existing or new forests could
increase C storage on the landscape and increase the supply
of forest products or biomass energy. Practices that increase
forest growth include fertilization, irrigation, use of fast-
growing planting stock, and control of weeds, pathogens,
and insects (Albaugh et al. 1998, 2003, 2004; Allen 2008;
Amishev and Fox 2006; Borders et al. 2004; Nilsson and
Allen 2003). The potential associated with increasing forest
growth differs by site and depends on the specific climate,
soil, tree species, and management.

Increased yields from these practices can be impressive.
In pine forests in the Southern United States, tree breed-
ing has improved wood growth by 10 to 30 percent (Fox
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et al. 2007b), and has increased insect and stress resistance
(McKeand et al. 2006.) In this region, pine plantations us-
ing improved seedlings, control of competing vegetation,
and fertilization grow wood four times faster than naturally
regenerated second-growth pine forests without competi-
tion control (Carter and Foster 2006). Tree breeding and
intensive management could also provide an opportunity to
plant species and genotypes that are better adapted to future
climates.

Many U.S. forests are N limited and would likely
respond to fertilization (Reich et al. 1997). Nitrogen and
phosphorus fertilizers have been used in about 6.5 million ha
of managed forests in the southeast to increase wood produc-
tion (Albaugh et al. 2007, Fox et al. 2007a, Liski et al. 2001,
Seely et al. 2002). Fertilization can produce 100 percent
gains for wood growth (Albaugh et al. 1998, 2004), although
the benefits of fertilization for growth and C increase would
need to be balanced by the high emissions associated with
fertilizer production and potential emissions from eutrophi-
cation in aquatic systems (Carpenter et al. 1998) (table 4.8).
Other risks include reduced water yield (faster growth uses
more water), which is more pronounced in arid and semiarid
forests, and a loss of biodiversity if faster growth is done by
replacing multispecies forests with monocultures (limited
diversity can make some forests vulnerable to insects and
pathogens). In some areas, increasing the genetic and species
diversity of trees and increasing C stocks could be compat-
ible goals (Woodall et al. 2011).

Markets for current or new forest products can provide
revenue to invest in growth-enhancing forest management.
For example, expectation of revenue from the eventual
sale of high-value timber products would support invest-
ment in treatments or tree planting to increase growth rate.
Taxation or other government incentives may also support
growth-enhancing management. To the extent that incentives
to alter growth also alter timber harvest and wood product
use, evaluation will require type B accounting with system
boundaries that include forest sector, services sector, and
possibly nonforest land.

Ex Situ Forest Carbon Management

Carbon is removed from the forest for a variety of uses, and
those uses can have different effects on C balances. Depend-
ing on the forest product stream, C can be stored in wood
products for a variable length of time, oxidized to produce
heat or electrical energy, or converted to liquid transportation
fuels and chemicals that would otherwise come from fossil
fuels (fig. 4.14). In addition, there can be a substitution effect
when wood products are used in place of other products that
emit more GHG in manufacturing (Lippke et al. 2011).

Strategies that would add to storage in long-lived
wood products, increase use life, and increase use of wood
products in place of higher emitting alternate products can
complement strategies aimed at increasing forest C stocks.
Risk and uncertainty in attaining benefits need to be consid-
ered when comparing strategies for increasing forest C with
strategies for attaining wood product C offsets. Strategies
need to ensure energy offsets are attained in an acceptable
period of time and that substitution effects are attained.

Carbon in forest products—

Wood and paper continue to store C when in use and also in
landfills (fig. 4.14). Rates of net C accumulation depend on
rates of additions, disposal, combustion, and landfill decay.
The half-life for single-family homes made of wood built
after 1920 is about 80 years (Skog 2008, USEPA 2008),
whereas the half-life of paper and paperboard products is
less than 3 years (Skog 2008). About two-thirds of discarded
wood and one-third of discarded paper go into landfills
(Skog 2008). Decay in landfills is typically anaerobic and
very slow (Barlaz 1998), and 77 percent of the C in solid
wood products and 44 percent in paper products remain in
landfills for decades (Chen et al. 2008, Skog 2008). Howev-
er, current rates of methane release and capture can eliminate
this C storage benefit for certain low lignin paper products
(Skog 2008). About 2,500 Tg of C was accumulated in wood
products and landfills in the United States from 1910 to 2005
(Skog 2008), with about 700 Tg of C (in 2001) in single-
and multifamily homes (Skog 2008). In 2007, net additions
to products in use and those in landfills combined were 27
Tg-C-yr "' (USEPA 2009b), with about 19 Tg-C-yr ' from
products in use (Skog 2008).
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Product substitution—

Net C emissions associated with production and use of for-
est products can be substantially less than those associated
with steel and concrete. Use of 1 Mg of C in wood materi-
als in construction in place of steel or concrete can result

in 2 Mg of lower C emission (Sathre and O’Connor 2008,
Schlamadinger and Marland 1996). Sometimes, using wood
from faster-growing forests for substitution can be more
effective in lowering atmospheric CO, than storing C in the
forest where increased wood production is sustainable (Baral
and Guha 2004, Marland and Marland 1992, Marland et

al. 1997) (fig. 4.14a). On the other hand, harvesting forests
with very high C stocks that have accumulated over many
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Figure 4.14—Carbon (C) balance from two hypothetical management
projects with different initial ecosystem C stocks and growth rates.
Cumulative C stocks in forest, C removed from forest for use in wood
projects (long [L]- and short-lived [S]), substitution, and biomass
energy are shown on land that (A) has been replanted or afforested,

or (B) has an established forest with high C stocks. The heavy black
line represents the trajectory of forest C stocks if no harvest occurred.
Actual C pathways vary by project. Carbon stocks for trees, litter, and
soils are net C stocks only. The scenario is harvested in x-year inter-
vals, which in the United States could be as short as 15 years or longer
than 100 years. This diagram assumes that all harvested biomass will
be used and does not account for logging emissions. Carbon is seques-
tered by (1) increasing the average ecosystem C stock (tree biomass)
by afforestation, or (2) accounting for C stored in wood products in
use and in landfills, as well as preventing the release of fossil fuel C
through product substitution or biomass energy. The product-substi-
tution effect is assumed to be 2:1 on average. Biomass is assumed to
be a 1:1 substitute for fossil fuels in terms of C, but this is not likely
for many wood-to-energy options. This scenario represents a theoreti-
cal maximum C benefit, given this composition of forest products and
management practices. Carbon “debt” is any period of time at which
the composition of forest products and remaining forest C stocks after
harvest is lower than estimated C stocks under a no-harvest scenario.
(Adapted from McKinley et al. [2011], Pachauri and Reisinger [2007],
and Solomon et al. [2007]).

decades may result in a large deficit of biological C stor-

age that could take many decades to more than a century to
restore (McKinley et al. 2011) (fig. 4.14b). Opportunities for
substitution in the United States are largely in nonresidential
buildings (McKeever et al. 2006, Upton et al. 2008) because
most houses are already built with wood, although opportu-
nities to increase the substitution effect in residential build-
ings exist, for example, by using wood for walls in houses
(Lippke and Edmonds 2006). Attaining the substitution
effect requires incentives that avoid or reduce type 1 risks
by encouraging increased use of wood (box 4.9). Incentives
focused on landowners to harvest wood for products may not

provide as many substitution effects because of leakage. In
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Box 4.9

Each strategy has risks and uncertainties in attaining
carbon (C) impacts as well as non-C impacts—cobenefits
and tradeoffs. In this section, we describe two general
sources of risk that may prevent a strategy from attaining
its C mitigating potential in terms of magnitude or tim-
ing, or both, or possibly resulting in reversal. Type 1 risk
refers to the failure of incentives or regulations. This risk
stems from the constructs of the policy or incentive struc-
ture, which might not have the intended effect on human
behaviors. This might include, for example, lower than
expected participation in markets or unintended negative
economic distortions, such as supply-side diversions, that
alter forest management or forest product use.

Type 1 risks are “structural risk.” One “structural
risk” if not accounted for is, for example, “leakage” in
the form of shifting of harvest or land use. Type 2 risk or
“biophysical risk” refers to failures caused by unpredict-
able or greater than expected biophysical events, such as
natural disturbance (e.g., wildfire, insects). Disturbance
can be a cause of “risk of reversal” or failure to attain
“permanence.” Type 3 risk or “tradeoffs” is the intensifi-
cation of negative non-C impacts. Uncertainty may also
result in greater than expected mitigation. For example,
changing climate and atmospheric chemistry (e.g.,
increasing carbon dioxide or nitrogen deposition) may
result in faster accumulation of C in forests than expected
for some period of time.

addition, incentives would help avoid type 1 risks in which
wood may come from forest conditions where C recovery is
slow (fig. 4.14a) and instead comes from forest conditions

where C recovery is fast (e.g., fig. 4.14b).

Biomass energy—

Biomass energy could prevent the release of an estimated
130 to 190 Tg-C-yr ! from fossil fuels (Perlack et al. 2005,
Zerbe 2006). Biomass energy comprises 28 percent of
renewable energy supply and 2 percent of total energy use
in the United States; the latter amount has the potential to
increase to 10 percent (Zerbe 2006). Currently, wood is used
in the form of chips, pellets, and briquettes to produce heat
or combined heat and generation of electricity (Saracoglu
and Gunduz 2009). These basic energy carriers can be fur-
ther transformed, using advanced conversion technologies,
into liquid transportation fuels, and gases (e.g., methane and

hydrogen) (Bessou et al. 2011, Demirbas 2007). Conver-
sion processes for these fuels are still largely experimental
and require further development to improve efficiency and
commercial viability. The GHG balances for simple energy
carriers (e.g., wood chips and pellets) for producing heat
and electricity are more certain than for advanced energy
carriers. In addition, the potential exists to create high-value
chemicals and other bioproducts from wood that would
otherwise be made from fossil fuels, resulting in reduced
emissions compared to use of fossil fuels (Hajny 1981,
USDOE 2004).

Most biomass for energy is a byproduct of conven-
tional forest product streams, such as milling residues (Gan
and Smith 2006a), with some use of trees killed by insects,
disease, and natural disturbance (Peng et al. 2010, Tumuluru
et al. 2010). However, most of these residues, mainly saw-
dust and bark, are already used for direct heating in milling
operations or used for other wood products, such as par-
ticle board (Ackom et al. 2010, Malkki and Virtanen 2003,
Nilsson et al. 2011); obtaining higher quantities of biomass
feedstock would require using other residues. A number of
currently unused residues have been identified, including
residues from logging, hazardous fuel reduction treatments,
precommercial thinning, urban areas, insect kill, and other
sources (Ackom et al. 2010; Gan 2007, Gan and Smith
2006b; Milkki and Virtanen 2003; Perlack et al. 2005, 2011;
Repo et al. 2011; Smeets and Faaij 2007).

If forest harvesting is expanded to meet the demand for
biomass energy, roundwood from standing trees will increas-
ingly be used for energy. For example, short-rotation planta-
tions devoted to biomass feedstock production have been
proposed (Fantozzi and Buratti 2010, Tuskan 1998). If prices
for biomass energy increase, short-rotation forest crops
such as poplars could become a significant feedstock source
(Solomon et al. 2007). Carbon emissions from increased
use of roundwood for energy may be offset over time by a
subsequent increase in forest C. This can be done through
increased forest growth on land where the roundwood is
harvested. The amount and speed of the offset are influenced
by the time period considered, forest growth rate, initial
stand C density, and the efficiency with which wood offsets
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fossil fuel emissions (Schlamadinger et al. 1995). The offset
can also be done through increased landowner investment
in forestry. The investment can include converting nonforest
land to forest, retaining land in forest that would otherwise
be converted to nonforest, or planting land in faster grow-
ing pulpwood or short-rotation plantations. Forest inventory
and C projections for the United States indicate that for
scenarios with higher wood energy use (versus those with
lower wood energy use) there will be more land retained in
forest and more land in plantations for the Southern United
States (USDA FS 2012b). The effect on forest C of retaining
land in forest is greater than the effect of increasing planta-
tion area. Landowner investment in revenue for biomass is
expected to be low for most of the United States.
Reductions in GHG emissions from wood-to-energy
pathways depend, in part, on how efficiently wood sub-
stitutes for fossil fuels. The energy value of wood (energy
content per unit mass) is lower than for fossil fuels (Demir-
bas 2005, Patzek and Pimentel 2005), a difference that is
most pronounced when wood substitutes for fossil fuels with
high energy values (e.g., natural gas). The risk of not at-
taining various levels of offset from use of wood for energy
differs, depending on whether biomass is from residues or
from greater use of roundwood (Schlamadinger et al. 1995,
Zanchi et al. 2010). Risks for using residues are relatively
small, especially if forests and supply chains are well man-
aged. Risks associated with using roundwood differ by forest
conditions, treatments, and degree of landowner response
by investment in more intensive forest management. Large
increases in demand could cause loss of C if natural forest
with high C density were converted to forest plantations or
agricultural biomass plantations with lower C density.
Recent research has provided contrasting conclusions
regarding the potential C mitigation benefits from using
wood for energy. A number of studies report that using
biomass instead of fossil fuels can significantly reduce net
C emissions (Boman and Turnbull 1997, Cherubini et al.
2009, Jones et al. 2010, Malmsheimer et al. 2011, Mann and
Spath 2001, Spath and Mann 2000). Other studies report
that the postharvest regrowth period during which forest C is
initially low negates the benefits of wood energy (Bracmort
2011, Cardellichio and Walker 2010, Fargione et al. 2008,
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Manomet Center for Conservation Sciences 2010, Mathews
and Tan 2009, McKechnie et al. 2011, Melamu and von
Blottnitz 2011, Melillo et al. 2009, Pimentel et al. 2008,
Repo et al. 2011, Schlamadinger et al. 1995, Searchinger et
al. 2009). Studies that used life cycle assessments (LCAs)
with both biomass pathways and forest C dynamics over
time calculated lower reductions in CO, emissions than simi-
lar LCAs without forest C dynamics. For some cases and
time periods, LCAs with biomass pathways and forest C dy-
namics indicate biomass emissions can be higher than fossil
emissions (Johnson 2009, Manomet Center for Conservation
Sciences 2010, McKechnie et al. 2011, Pimentel et al. 2008,
Searchinger et al. 2008).

These conflicting conclusions are caused by differing
assumptions and methods used in the LCAs (Cherubini et al.
2009, 2012; Matthews and Tan 2009). Emerging C account-
ing methods are increasingly focused on the effect of emis-
sions on the atmosphere and climate over an extended time
period, rather than assuming C neutrality (Cherubini et al.
2012). Continuing efforts are needed to provide evaluation
frameworks that are adequate to evaluate the overall C and
climate effects of specific combinations of forest manage-

ment and wood energy use.

Mitigation Strategies: Markets,
Regulations, Taxes, and Incentives

Forests currently comprise about a third of the land area

in the United States, but fragmentation and conversion of
forest to other land uses is increasing, especially in the East
(Drummond and Loveland 2010). Various mechanisms exist
at national, regional, and local scales that can enhance miti-
gation efforts while providing incentives to keep forests in-
tact. National forests are not eligible for incentive programs
or market-based payments for C sequestration or other
ecosystem services, but markets and incentive programs can
potentially play a role in ecosystem-enhancing mitigation on
private and nonfederally owned land. Markets and incentive
programs can provide a means for landowners to be finan-
cially compensated for voluntary restoration activities that
improve ecosystem services. Some of these mechanisms,
such as C markets, are designed to encourage mitigation,
while other mechanisms help maintain or augment C stores

as an ancillary benefit.
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Markets, registries, and protocols for forest-based
carbon projects—

Carbon markets are an emissions trading mechanism and
are typically designed to create a multisector approach that
encourages reductions and often (but not always) enhances
sequestration of GHG emissions (measured in megagrams
of CO, equivalent, or CO,e) in an economically efficient
manner. Registries exist to track and account for the C, and
protocols outline the specific methodologies that are a pre-

requisite to creating legitimate C offsets.

The United States does not have a national-level regula-
tory market, but several mandatory regional efforts and
voluntary over-the-counter markets provide limited opportu-
nities for mitigation through forest-based C projects. Offsets
generated from these projects can compensate for emissions
generated elsewhere. Forest C projects generally take the

following form:
Avoided emissions

* Avoided deforestation (or avoided conversion): projects
that avoid emissions by keeping forests threatened with
conversion to nonforest intact.

Enhanced sequestration

* Afforestation/reforestation: projects that reforest areas
that are currently nonforested, but may have been
forested historically.

» Improved forest management: projects that offer
enhanced C mitigation through better or more sustainable
management techniques. These projects are compatible
with sustainable levels of timber harvest.

* Urban forestry: projects that plant trees in urban areas.
Only sequestered C is eligible (avoided C emissions that
result from energy savings are not eligible for credit).

The Regional Greenhouse Gas Initiative (RGGI) is a
mandatory multistate effort in New England and the Mid-
Atlantic that allows offset credits to be generated through
afforestation projects within RGGI member states. The
Climate Action Reserve is another mandatory initiative
that is based in California but accepts forest projects from
throughout the country. In addition, protocols created by the

American Carbon Registry, Verified Carbon Standard pro-
vide quality assurance to domestic and international forest C
projects that may be sold on the voluntary market (Kollmuss
et al. 2010, Peters-Stanley et al. 2011). In 2009, 5.1 Mg of
CO,g, or 38 percent of the global share of forest-based C off-
sets, was generated in North America (Hamilton et al. 2010).
However, factors such as substantial startup and transaction
costs and restrictions on the long-term use and stewardship
of forest land enrolled in C projects often serve as barriers
to engagement for many private forest landowners in the
United States (Diaz et al. 2009).

Tax and incentive programs—

Some states offer reduced taxes on forest land, as long as
certain requirements are met. These tax incentives may be
crafted to maintain a viable timber industry and achieve
open space objectives, but have the added benefit of helping
to maintain or enhance forest C stores. For example, private
forest landowners enrolled in Wisconsin’s Managed Forest
Law Program receive an 80 to 95 percent tax reduction on
land that is at least 80 percent forested and is managed for
the sustainable production of timber resources. Vermont’s
Use Value Appraisal Program is similar. Carbon benefits
from these programs must be evaluated based on specific
circumstances; younger, rapidly growing forests have
higher rates of C uptake, whereas older stands may have
lower C uptake but higher overall storage (Harmon 2001,
Malmsheimer et al. 2008). A “no harvest” unmanaged forest
scenario may produce more or less C benefit than a sustain-
ably managed forest, but much depends on current C stocks,
the likelihood of disturbance, and whether and how the
harvested timber products are used (Ingerson 2007, Nunnery
and Keeton 2010). The timeframe of expected C benefits
therefore depends on both forest management regimes and
forest product pathways (long-term vs. short-term products)
(McKinley et al. 2011).

Several federal programs administered by the USDA
Natural Resources Conservation Service, Forest Service, and
Farm Service Agency provide cost-share and rental payment
incentives for good farm, forest, watershed, and wildlife

habitat stewardship. As an ancillary benefit, these programs
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may also help maintain or enhance C stores, but this is cur- cial incentives for enrollment could be related to estimated
rently not an explicit goal of any of these programs. The area  average C benefit per hectare, rather than being calculated

enrolled in each program fluctuates annually and depends based only on hectares enrolled. Carbon benefit per hectare
on commodity prices, program funding, and authorization could be estimated at a county or regional scale based on a

levels, as sanctioned in the Farm Bill. In 2010, 13 million ha ~ combination of factors, including geographic location, land
of United States farmland were enrolled in the Conservation use, species planted, and overall landscape connectivity.
Reserve Program, down from 15 million ha in 2005 (Claas- This may help to ensure that priority lands for C manage-
sen et al. 2008, USDA Farm Service Agency 2010). A brief ment receive the highest potential benefits. Alternatively,
description of relevant programs is shown in table 4.9. a specific forest C incentive program could complement

If policy favored land management that would decrease current incentive programs by targeting small family forest
the buildup of atmospheric CO,, it might be possible to ei- owners and providing financial incentives that may be suf-
ther fine tune existing incentive programs to more explicitly ficient to ensure that forests remain as forests. Best manage-
support C mitigation strategies, and develop an alternative ment practices could be made available (e.g., for artificial
incentive program that prioritizes C management. In the case  regeneration, thinning, and insect control) (table 4.10), and
of the former, the explicit objective of the program could financial incentives could be based on estimated C benefits

remain as is (to determine general eligibility), but the finan- (Pinchot Institute for Conservation 2011). These estimated

Table 4.9—Programs that influence carbon mitigation

Program Agency Land area Purpose

Millions of hectares

Conservation Reserve Farm Service ~13 Reduce erosion, increase wildlife habitat,
Program and Continuous Agency improve water quality, and increase
Conservation Reserve forested acres
Program

Environmental Quality In-  Natural Resources ~6.9 Forest management practices including
centives Program (EQIP) Conservation timber stand improvement, site preparation

Service (NRCS) for planting, culverts, stream crossings,

water bars, planting, prescribed burns,
hazard reduction, fire breaks, silvopasture,
fence, grade stabilization, plan preparation

Conservation Stewardship ~ NRCS n/a Incentives for sustainable forest management
Program (CSP) and conservation activities

Wildlife Habitat Incentive ~ NRCS 0.26 Assistance/incentives to develop or improve
Program (WHIP) fish and wildlife habitat, including prairie

and savanna restoration, in-stream fish
structures, livestock exclusion, and tree

planting
Forest Legacy Program Forest Service ~0.8 Incentives to preserve privately-owned
(FS) working forest land through conservation

easements and fee acquisitions

Stewardship Program FS ~14 Encourages private landowners to create and
implement stewardship plans on their land

n/a = not applicable.
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Table 4.10—Tools and processes to inform forest management

Organization Relevant content

Internet site

U.S. Forest Service Forest Inventory
and Analysis

Forest statistics by state, including
carbon (C) estimates

http://fia.fs.fed.us

Sample plot and tree data
Forest inventory methods and basic

definitions

U.S. Forest Service Forest Health Forest health status

Monitoring

stocks

http://www.thm.fs.fed.us

Regional data on soils, dead wood

Forest health monitoring methods

U.S. Department of Agriculture
(USDA) Greenhouse Gas Inventory

United Nations Framework Conven-
tion on Climate Change and Intergov-
ernmental Panel on Climate Change

USDA Natural Resources Conserva-

tion Service of soil data

U.S. Forest Service, Northern Research  Accounting, reporting procedures,
and software tools for C estimation

Methods and information for calcu-
lating sequestration and emissions

Station

U.S. Energy Information Administra-
tion, Voluntary GHG Reporting
from forestry

U.S. Environmental Protection Agency

State-by-state forest C estimates

International guidance on C ac-
counting and estimation

Soil Data Mart—access to a variety

Methods and estimates for GHG
emissions and sequestration

http://www.usda.gov/oce/global change/
gg_inventory.htm

http://unfccc.int

http://www.ipcc.ch
http://soildatamart.nrcs.usda.gov

http://www.nrs.fs.fed.us/carbon/tools

http://www.eia.gov/oiaf/1605/gdlins.html

http://www.epa.gov/climatechange/
emissions/usinventoryreport.html

benefits would require only a statistically robust verification
of practices rather than annual site monitoring.

The Role of Public Lands in Mitigation

Public lands encompass large areas of forests and range-
lands, about 37 percent of the land area of the United States,
with federally managed lands occupying 76 percent of the
total area managed by all public entities. A decision to man-
age these lands for C benefits would involve a complex set
of interacting forces and multiple jurisdictions, and would
be governed by laws mandating multiple uses of land in

the public domain. The Council on Environmental Quality
(CEQ) has the responsibility of overseeing environmental
policy across the federal government. The CEQ has devel-
oped draft guidelines for all agencies describing how federal
agencies can improve their consideration of the effects of

GHG emissions and climate change when evaluating propos-
als for federal actions under NEPA (Sutley 2010). Another
recent policy that affects all federal agencies is Executive
Order 13,514 (2009), which requires agencies to set tar-

gets that focus on sustainability, energy efficiency, reduced
fossil fuel use, and increased water efficiency. In addition,
the order requires agencies to measure, report, and reduce
GHG emissions from direct and indirect activities, including
federal land management practices. The CEQ guidance and
these orders are being considered by land management agen-
cies, but it is unclear how effective they will be in reducing
GHGs, given the many other uses of federal lands. It should
be noted that large areas of forest land protected by conser-
vation organizations (e.g., The Nature Conservancy) across
the United States are being managed for public benefits but
may not be subject to some of the regulatory issues cited
above.
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Managing Forests in Response to Climate
Change

Managing forests in response to climate change is just one
component of the broad and complex task of sustainable
natural resource management. Climatic variability (year

to year, and decade to decade differences in climate) has
always been a factor in forest management, but now re-
source managers must begin to address directional trends

in human-caused climate change in the context of increased
variability and movement away from historical averages.
Climate change provides a context to be considered in
management, but it is rarely appropriate to focus on cli-
mate change exclusive of other issues that affect forest
resources. An increasing number of potential strategies and
forest management options are now available for addressing
climate change. However, these strategies and options are
rarely institutionalized. Implementing these approaches, or
at least a thorough consideration thereof, through planning
and management processes on public and private lands is a
major organizational and social challenge.

If projected changes in temperature, precipitation, and
extreme weather events are realized, management activities
that facilitate adaptation to climate change can be realistical-
ly viewed as providing additional time until biological and
social systems adjust to a new climate. The sooner action is
implemented, the more options will be available to prepare
forest systems for a new climate. Two major institutional
shifts are needed for successful adaptation in U.S. forests.
First, scientists and resource managers need to agree that
static and equilibrium concepts relative to ecosystem func-
tion and management (historical range of variation, restora-
tion of “presettlement” conditions, climax vegetation, etc.)
will be less relevant in the future. Ecosystems that exist in
nonanalog climates with increased disturbance, new spe-
cies, and invasive species will rarely be in equilibrium with
climate or other environmental factors, and it will not be
possible to preserve them intact in a specific location over
time. Second, natural resource management organizations

will need to consider climate effects as part of normal
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business operations. If ongoing management protocols and
projects include the role of climatic variability and change,
then accomplishment targets and on-the-ground practices
can be adjusted as needed. This will minimize surprises and
lead to realistic long-term planning objectives. If climate ef-
fects are not considered, rapid changes in ecosystem dynam-
ics will challenge their ability to manage forest resources
sustainably.

As noted in the adaptation section above, adapting to
climate change is a viable option for most natural resource
management organizations if viewed as adaptive manage-
ment in the context of climatic variability and change. Cur-
rently, most public and private institutions need considerable
input from the scientific community to help interpret climate
science and model output, and to project the effects of
climate change on natural resources at different spatial and
temporal scales. Successful science-management partner-
ships have typically required 2 to 5 years to make substantial
progress on science-based solutions to climate challenges.
To sustainably manage the Nation’s forests, natural resource
management organizations will need to make climate change
a mainstream issue (much as “ecosystem management,”
and “ecological restoration” did previously) that can be
addressed without continuous high-level, external scientific
input.

Multi-institutional collaboration is required, both now
and in the future, to apply consistent strategies and tactics
across large landscapes. Cooperation among agencies and
other organizations in addressing natural resource issues has
often been challenging. However, recent efforts between the
U.S. Forest Service and National Park Service to collaborate
on climate change adaptation, and nascent efforts by U.S.
Fish and Wildlife Service Landscape Conservation Coopera-
tives to instill an all-lands approach in conservation issues,
including climate change, provide hope that collaboration
will become more common. Perhaps more challenging
are the barriers of “paralysis by analysis” within agencies,
external litigation, and appeals, which delay timely imple-
mentation of projects that can facilitate adaptation. It will be

difficult to break the gridlock that seems to envelop public
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land management in some regions until engagement of
stakeholders and consistent, open communication of climate
science with the public, policymakers, and land managers
becomes commonplace. Climate change is at the forefront of
many policy and management discussions on private lands
as well (e.g., the Southern Forest Futures Project, http://
www.srs.fs.usda.gov/futures), with similar concerns about
the effects of climate change on forest lands and poten-
tial management options for adaptation and mitigation. In
regions dominated by private lands such as the southeast
and northeast, dealing with complex ownership patterns and
a wide range of management objectives will be critical for
successful climate-smart management across large land-
scapes. Given multiple management objectives and limited
funding and staff for implementation, it will be necessary to
optimize long-term strategies on a regional to subregional
basis by considering where the most benefit can be gained.
Projections of climate change effects are relatively
certain for some components of forest ecosystems, and less
certain for others, especially beyond the mid-21% century.
Developing effective management options to address un-
certain, dynamic, and novel conditions will require ongoing
monitoring to identify ecosystems at risk, detect change,
and evaluate the success or failure of management activi-
ties. Now more than ever, land managers will need detailed
information on forest conditions to inform management
decisions and help adapt to changing conditions. The U.S.
Forest Service Forest Inventory and Analysis program and
Forest Service Forest Health Monitoring network provide
information on changes in forest growth and condition over
most of the Nation. In addition, the Forest Service operates
80 experimental forests and ranges that are critical assets for
change detection, climate-change experiments, and manage-
ment demonstrations. Combined with other large networks
such as the National Ecological Observatory Network (20
core sites to be established in representative ecoclimate
domains), the National Science Foundation Long-Term Eco-
logical Research Program (27 sites located across the United
States, Puerto Rico, and Antarctica), National Weather Ser-
vice weather stations, and numerous U.S. Geological Survey

gauging stations, many variables are monitored across a
broad geographic area. In most cases, these networks operate
independently, and although some lack central data stor-
age, data management protocols, and easy access, efforts
are underway to increase data access for many core data
sets. These monitoring networks can help detect changes in
climate and forest condition, but they are not a substitute for
on-the-ground monitoring that will be required to assess the
effectiveness of specific management activities. This will
require a larger investment by land management agencies,
although improved efficiency and coordination can, in some
cases, compensate for insufficient funding.

In the near term, it is logical to pursue management
strategies that are relatively low cost, have few barriers, and
will produce near-term results. For adaptation, this would
include reducing co-occurring stressors in forests (e.g., air
pollution, exotic pathogens), implementing fuel reduction
where feasible and effective, and reducing stand densities
where feasible and appropriate (resistance and resilience
strategies). For C management, this would include reducing
deforestation, increasing afforestation, reducing wildfire se-
verity where feasible, increasing growth, and increasing use
of wood-based bioenergy where economically justified.

In the long term, specific adaptation strategies will need
to be considered in light of emerging scientific evidence on
climate change effects and assessments of the effectiveness
of various management actions on the ground. Resilience
strategies in the face of increasing large-scale disturbances
often include standard management practices (e.g., forest
thinning). Specific strategies for C management will need
to be guided by emerging scientific evidence on how to
concurrently manage forests in situ for products, energy, and
other ecosystem services. Strategies will differ by location,
inherent forest productivity, and local management objec-
tives. The mandate for productivity on commercial private
lands contrasts with objectives on public lands, but both
private and public perspectives need to be accommodated in
order to manage C across broad spatial scales, meet multiple

management objectives, and benefit local economies.
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It will also be important to consider how adaptation
and mitigation can be coordinated to optimize implementa-
tion across specific landscapes. For example, fuel reduction
treatments can reduce the prevalence of crown fires in dry
forests, while also providing material for local bioenergy use
(the long-term effect on C dynamics is site-specific based on
current evidence). The interaction of adaptation and mitiga-
tion has been poorly assessed to date, and successful models
of both strategic and tactical approaches to this interaction
are needed. This topic may provide opportunities for
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coalitions among partners who would not normally col-
laborate on other natural resource issues. In the near term,
we anticipate that federal land management agencies will
continue to lead the development of science-management
partnerships and collaborative approaches to adaptation and
C management across public lands. Successful adaptation
and C management will accelerate across larger landscapes
if and when community-based partnerships become more
engaged with climate change as a component of sustainable

resource stewardship.
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