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Abstract

Vose, James M.; Peterson, David L.; Patel-Weynand, Toral, eds. 2012. Effects of climatic variability and change on forest
ecosystems: a comprehensive science synthesis for the U.S. forest sector. Gen. Tech. Rep. PNW-GTR-870. Portland, OR:
U.S. Department of Agriculture, Forest Service, Pacific Northwest Research Station. 265 p.

This report is a scientific assessment of the current condition and likely future condition of forest resources in the United
States relative to climatic variability and change. It serves as the U.S. Forest Service forest sector technical report for the
National Climate Assessment and includes descriptions of key regional issues and examples of a risk-based framework for as-
sessing climate-change effects.

By the end of the 21 century, forest ecosystems in the United States will differ from those of today as a result of chang-
ing climate. Although increases in temperature, changes in precipitation, higher atmospheric concentrations of carbon dioxide
(CO,), and higher nitrogen (N) deposition may change ecosystem structure and function, the most rapidly visible and most
significant short-term effects on forest ecosystems will be caused by altered disturbance regimes. For example, wildfires,
insect infestations, pulses of erosion and flooding, and drought-induced tree mortality are all expected to increase during the
21% century. These direct and indirect climate-change effects are likely to cause losses of ecosystem services in some areas,
but may also improve and expand ecosystem services in others. Some areas may be particularly vulnerable because current
infrastructure and resource production are based on past climate and steady-state conditions. The ability of communities
with resource-based economies to adapt to climate change is linked to their direct exposure to these changes, as well as to
the social and institutional structures present in each environment. Human communities that have diverse economies and are
resilient to change today will also be prepared for future climatic stresses.

Significant progress has been made in developing scientific principles and tools for adapting to climate change through
science-management partnerships focused on education, assessment of vulnerability of natural resources, and development of
adaptation strategies and tactics. In addition, climate change has motivated increased use of bioenergy and carbon (C) seques-
tration policy options as mitigation strategies, emphasizing the effects of climate change-human interactions on forests, as
well as the role of forests in mitigating climate change. Forest growth and afforestation in the United States currently account
for a net gain in C storage and offset approximately 13 percent of the Nation’s fossil fuel CO, production. Climate change
mitigation through forest C management focuses on (1) land use change to increase forest area (afforestation) and avoid
deforestation, (2) C management in existing 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. Although climate change is an important issue for manage-
ment and policy, the interaction of changes in biophysical environments (e.g., climate, disturbance, and invasive species) and
human responses to those changes (management and policy) will ultimately determine outcomes for ecosystem services and
people.

Although uncertainty exists about the magnitude and timing of climate-change effects on forest ecosystems, sufficient
scientific information is available to begin taking action now. Building on practices compatible with adapting to climate
change provides a good starting point for land managers who may want to begin the adaptation process. Establishing a foun-
dation for managing forest ecosystems in the context of climate change as soon as possible will ensure that a broad range of
options will be available for managing forest resources sustainably.

Keywords: Adaptation, carbon, climate change, climate-change effects, climate-smart management, ecological distur-

bance, forest ecosystems, mitigation, National Climate Assessment.
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Executive Summary

The forest sector technical report is a sector-wide scien-
tific assessment of the current condition and likely future
condition of forest resources in the United States relative to
climatic variability and change. The assessment provides
technical input to the National Climate Assessment (NCA)
and serves as a framework for managing forest resources in
the United States. The report provides technical input to the
2013 NCA developed by the U.S. Global Change Research
Program (USGCRP).

The Global Change Research Act of 1990 requires the
USGCRP to produce the NCA for the President and the Con-
gress every four years, analyzing the effects of global change
on multiple sectors and regions in the United States. The
USGCRP is responsible for preparing the report based on
technical information provided by public agencies and non-
governmental organizations. The NCA evaluates the effects
of global change on agriculture, forests, energy production
and use, land and water resources, transportation, human
health and welfare, human social systems, and biological di-
versity, projecting major trends forward for up to 100 years.

In addition, the USGCRP is tasked with providing a co-
ordinated strategy and implementation plan for assessing the
effects of a changing climate on the Nation. This strategy is
being developed to provide support to the NCA and establish
a mechanism for an ongoing assessment capability beyond
the 2013 report.

The forest sector technical report is the key technical
input to the NCA forest sector chapter. To provide national
stakeholder input to the forest sector technical report, a
workshop was held in Atlanta, Georgia, on July 12—-14,
2011, to solicit input from public, private, and tribal forest
stakeholders, nongovernmental organizations, academics,
professional organizations, private corporations, and federal
agencies. These stakeholder suggestions helped to frame
the subject matter content and management options in the
report, ensuring relevance for decisionmakers and resource
managers.

The forest sector technical report builds on the portion
of the 2009 NCA that discussed forest ecosystems and
incorporates new findings from scientific and management

perspectives. The introduction provides an overview and
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discusses interrelated aspects of biophysical and socioeco-
nomic phenomena in forested ecosystems that may be
affected by climatic variability and change, followed by
these chapters:

« Effects of Climatic Variability and Change

¢ Climate Change, Human Communities, and Forests
in Rural, Urban, and Wildland-Urban Interface
Environments

* Adaptation and Mitigation

» Improving Scientific Knowledge

* Future Assessment Activities

e Conclusions

It is difficult to conclude whether recently observed
trends or changes in ecological phenomena are the result of
human-caused climate change, climatic variability, or other
factors. Regardless of the cause, forest ecosystems in the
United States at the end of the 21 century will differ from
those of today as a result of changing climate. Below we
discuss the most important issues that have emerged from
the report, including a brief summary of regional issues.

Effects of Climate Change on
Ecosystem Structure, Function,
and Services

A gradual increase in temperature will alter the growing
environment of many tree species throughout the United
States, reducing the growth of some species (especially in
dry forests) and increasing the growth of others (especially
in high-elevation forests). Mortality may increase in older
forests stressed by low soil moisture, and regeneration

may decrease for species affected by low soil moisture and
competition with other species during the seedling stage.
Most models preject that species habitat will move upward
in elevation and northward in latitude and will be reduced in
current habitats at lower elevations and lower latitudes. New
climatic conditions may “move” faster in some locations
than tree species can disperse, creating uncertainty about the
future vegetation composition of these new habitats.

The high genetic diversity of most tree species confers
tolerance of a broad range of environmental conditions,
including temperature variation. Therefore, in many spe-
cies, tree growth and regeneration may be affected more



by extreme weather events and climatic conditions than by
gradual changes in temperature or precipitation. Longer dry
seasons and multiyear droughts will often become triggers
for multiple stressors and disturbances (e.g., fire, insects,
invasive species, and combinations thereof). These pulses
of biophysical disturbance will change the structure and
function of ecosystems across millions of hectares over a
short period of time, focusing pressure on the regeneration
stage of forest ecosystems. Increased atmospheric carbon
dioxide (CO,) and nitrogen deposition will potentially alter
physiological function and productivity of forest ecosystems,
with considerable variation in response among species and
regions.

The effects of climate change on water resources will
differ by forest ecosystem and local climatic conditions, as
mediated by local management actions. Higher temperature
during the past few decades has already decreased snow
cover depth, duration, and extent, a trend that will probably
continue with further warming. Decreased snow cover will
exacerbate soil moisture deficit in some forests, which may
decrease tree vigor and increase susceptibility of forests to
insects and pathogens. As climatic extremes increase and
forest ecosystems change, water produced from forest lands
may become more variable and of lower quality.

Forest growth and afforestation in the United States cur-
rently account for a net gain in carbon (C) storage, offsetting
approximately 13 percent of the Nation’s fossil fuel CO,
production. During the next few decades, Eastern forest
ecosystems are expected to continue to sequester C through
favorable response to elevated CO, and higher tempera-
ture, although retention of C will depend on maintaining
or increasing total forest area. Western forest ecosystems
may begin to emit C if wildfire area and insect disturbance
increase as expected.

Future changes in forest ecosystems will occur on both
public and private lands and will challenge our ability to
provide ecosystem services desired by society, especially
as human populations continue to grow and demands for
ecosystem services increase. Climate change effects in
forests are likely to cause losses of ecosystem services in
some areas (e.g., timber production, water supply, recre-

ational skiing), but they may improve and expand ecosystem

services in others (e.g., increased growth of high-elevation
trees, longer duration of trail access in high-snow regions).
Some areas may be particularly vulnerable because current
infrastructure and resource production are based on past
climate and the assumption of steady-state natural resource
conditions. Any change in forest ecosystems that affects
water resources will typically result in a significant loss of
ecosystem services.

Effects of Disturbance Regimes

The most rapidly visible and significant short-term effects
on forest ecosystems will be caused by altered disturbance
regimes, often occurring with increased frequency and se-
verity. Interacting disturbances will have the biggest effects
on ecosystem responses, simultaneously altering species
composition, structure, and function. The type and mag-
nitude of disturbances will differ regionally and will pose
significant challenges for resource managers to mitigate and
reduce damage to resource values:

* Wildfire will increase throughout the United States,
causing at least a doubling of area burned by the mid-21*
century.

» Insect infestations, such as the current advance of bark
beetles in forests throughout the Western United States
and Canada, will expand, often affecting more land area
per year than wildfire.

» Invasive species will likely become more widespread,
especially in areas subject to increased disturbance and
in dry forest ecosystems.

* Increased flooding, erosion, and movement of sediment
into streams will be caused by (1) higher precipitation
intensity in some regions (e.g., Southern United States),
(2) higher rain:snow ratios in mountainous regions
(western mountains), and (3) higher area burned (western
dry forests). These increases will be highly variable in
space and time, affecting decisions about management of
roads and other infrastructure, as well as access for users
of forest land.

* Increased drought will exacerbate stress complexes that
include insects, fire, and invasive species, leading to
higher tree mortality, slow regeneration in some species,
and altered species assemblages.



Managing Risk and Adapting to
Climate Change

A risk-management framework for natural resources identi-
fies risks and quantifies the magnitude and likelihood of
environmental and other effects. Although risk management
frameworks have been used (often informally) in natural
resource management for many years, it is a new approach
for projecting climate change effects, and some time may be
needed for scientists and resource managers to feel comfort-
able with this approach. Risk assessment for climate change
must be specific to a particular region and time period, and it
needs to be modified by an estimate of the confidence in the
projections being made.

Ecosystem services derived from forests are produced
in (1) rural areas, where human population densities are
low and forest cover dominates; (2) urban settings, where
trees may exist in low densities but provide high value for
direct ecosystem services; and (3) transition zones between
rural and urban settings (wildland-urban interface [WUI]).
Climate change will alter ecosystem services, perceptions
of value, and decisions regarding land uses. Outcomes for
people will be determined by the interaction between chang-
es in biophysical environments (e.g., climate, disturbance,
and invasive species) and human responses to those changes
(management and policy). In recent years, C sequestration
policy options and increased use of bioenergy emphasize
both climate change-human interactions on forests and the
role of forests in mitigating climate change.

Land use shifts in rural areas under climate change
could involve conversion of forests to agricultural uses,
depending on market conditions. Climate change is expected
to alter productivity (local scale) and prices (market scale).
The extent of WUI areas and urban areas are projected to
increase, often at the expense of rural forests. Higher tem-
perature coupled with population growth will increase the
extent and value of urban trees for mitigating climate change
effects, but these two factors may also increase the difficulty
of keeping trees healthy in urban environments.

The ability of communities with resource-based

economies to adapt to climate change is linked to their

Vi

direct exposure to these changes, as well as to the social and
institutional structures present in each environment. Human
communities that have diverse economies and are resilient to
change today will also be better prepared for future climatic
stresses, especially if they implement adaptation strategies
soon. Federal agencies have made significant progress in de-
veloping scientifically based principles and tools for adapt-
ing to climate change. These tools and techniques are readily
available in recent materials that can be supplied to public,
private, and tribal land owners and managers for their use in
forest management.

Regional Effects of Climatic
Variability and Change

The report incorporates a regional perspective and highlights

key issues for the forest sector in the NCA regions.

Alaska

» Alaskan forests are regionally and globally significant,
and changes in disturbance regimes will directly affect
the global climate system through greenhouse gas
emissions and altered surface energy budgets.

* Climate-related changes in Alaskan forests have societal
consequences, because some forests are in proximity to
(urban and rural) communities and provide a diversity of
ecosystem services.

* Ininterior Alaska, the most important effects of climate
change are permafrost thawing and changes in fire
regimes.

* South-central Alaska will be sensitive to climate change
because of its confluence of human population growth
and changing disturbance regimes (insects, wildfire,
invasive species).

* In southeast Alaska, climatic warming will affect forest
ecosystems primarily through effects on precipitation

(i.e., snow versus rain).

Hawaii and the Pacific Territories

» Pacific islands are vulnerable to climate change because
of (1) the diversity of climate-related stressors; (2) low

financial, technological, and human resource capacities



to adapt to or mitigate projected effects; and (3) diverse
and often more pressing concerns affecting island
communities.

Island societies and cultures based on traditional
knowledge and institutions have provided resilience

to these communities during past stressful periods.
Contributing to resilience are locally based ownerships
and management, subsistence economies, tight linkages
between landowners and government, and opportunities
for migration.

The direct effects of changing climate on forests will
be significant and strongly dependent on interactions
with disturbances, especially novel fire regimes that are
expanding into new areas because of flammable invasive
species.

For low-lying islands, enhanced storm activity and
severity and sea level rise will cause the relocation

of entire communities, with the first climate refugees
already having to relocate from homelands in the region.
For high islands, higher temperature, expanded cover
of invasive species, and higher fire frequency and
severity will affect ground-water recharge, downstream
agriculture, urban development, and tourism.

Northwest

Based on projections of distribution of tree species and
forest biomes, widespread changes in the distribution
and abundance of dominant forest species are expected,
although the results of modeling studies differ. Forest
cover will change faster via disturbance and subsequent
regeneration responses, rather than through slow
adjustment to gradual warming.

Climate is projected to become unfavorable for Douglas-
fir (Pseudotsuga menziesii (Mirb.) Franco) over 32
percent of its current range in Washington, and up to 85
percent of the range of some pine species may be outside
the current climatically suitable range.

Area burned and biomass consumed by wildfire will
greatly increase, leading to changes in ecosystem
structure and function, resource values in the WUI, and

expenditures for fire suppression and fuels management.

A combination of higher temperature and dense, low-
vigor stands have increased vulnerability to bark beetles
and other insects, and mortality is currently high in some
dry forests.

Southwest

Disturbance processes facilitated by climatic extremes,
primarily multiyear droughts, will dominate the effects
of climatic variability and change on both short- and
long-term forest dynamics.

Although diebacks in species other than pinyon pine
(Pinus edulis Engelm.) are not widespread, large fires
and insect outbreaks appear to be increasing in frequency
and spatial extent throughout the Southwest.

Increased disturbance from fire and insects, combined
with lower forest productivity at most lower elevation
locations, will result in lower C storage in most forest
ecosystems. The fire-insect stress complex may keep
many low-elevation forests in younger age classes in
perpetuity.

Increased fire followed by high precipitation (in winter
in California, in early summer in much of the rest of
the Southwest) may result in increased erosion and

downstream sediment delivery.

Great Plains

Trees occur along streams, on planted woodlots, as
isolated forests such as the Black Hills of South Dakota,
and near the biogeographic contact with the Rocky
Mountains and Eastern deciduous forests, providing
significant value in riparian areas, at higher elevations,
and within agroforestry systems.

Tree species in mountainous regions are expected to
gradually become redistributed to higher elevations, with
disturbances mediating rapid change in some locations.
Climate-driven changes in hydrology are expected to
reduce the abundance of dominant, native, early-
successional tree species and increase herbaceous,
drought-tolerant, late-successional woody species
(including nonnative species), leading to reduced habitat

quality for riparian fauna.

Vii



The potential for increased wildfire hazard, longer
droughts, insect outbreaks, and fungal pathogens,
individually and in combination, could significantly
reduce forest cover and vigor. Reduced tree distribution
will likely have a negative effect on agricultural systems,
given the important role of shelterbelts and windbreaks
in reducing soil erosion.

Midwest

Northern and boreal tree species at the southern edge

of their current range will decrease in abundance and
extent as their current habitat becomes less suitable (and
moves northward) and reestablishment in a warmer
climate becomes more difficult. Some forested wetlands
may also disappear as the climate warms. Some oak
and hickory species tolerant of low soil moisture may
become more abundant.

Increased drought and fire occurrence are expected

to have rapid and extensive effects on the structure

and function of forest ecosystems. Oak decline and
invasive species are expected to become more common,
contributing to stress complexes that include nearly two
centuries of land use activities.

Increased disturbance will tend to fragment forest
landscapes that are already highly fragmented in terms
of species, structure, and ownerships. This will reduce
habitat connectivity and corridors for species movement.
The large amount of private land and fine-scale
fragmentation of forest landscapes will make it
challenging to implement climate change adaptation.
Outreach to private land owners will be necessary to
ensure that climate preparedness is effective.

Northeast

viii

Stress complexes are especially important in northeastern
forests, where climate interacts with nitrogen (N) deposi-
tion, tropospheric ozone, land use, habitat fragmentation,
invasive species, insects, pathogens, and fire.

A warmer climate will cause a major reduction of
spruce-fir forest, moderate reduction of maple-birch-

beech forest, and expansion of oak-dominated forest.

Projections of change in suitable habitat indicate that, of
the 84 most common species, 23 to 33 will lose suitable
habitat under low- and high-emission scenarios, 48 to 50
will gain habitat, and 1 to 10 will experience no change.
Warmer temperature will increase rates of microbial
decomposition, N mineralization, nitrification, and
denitrification, resulting in higher short-term availability
of calcium, magnesium, and N for forest growth, as well
as elevated losses of these nutrients to surface waters.
Migratory bird species that require forest habitat are
arriving earlier and breeding later in response to recent
warming, with consequences for the annual production
of young and their survival. Many bird species have
already expanded their ranges northward.

Southeast

Red spruce (Picea rubens Sarg.) and eastern hemlock
(Tsuga canadensis [L.] Carriére), already declining

in some areas, are projected to be extirpated from the
southeast by 2100 as a result of the combined stresses of
warming, air pollution, and insects.

The majority of the Nation’s pulp and timber supply is
produced in the southeast, but if temperature continues
to increase and precipitation becomes more variable,
conditions for pine growth may begin to deteriorate.
Even if regional forest productivity remains high, the
center of forest productivity could shift northward

into North Carolina and Virginia, causing significant
economic and social impacts.

Increasing demand for water from a rapidly growing
urban population, combined with increased drought
frequency could result in water shortages in some areas
of the Southeast.

Warmer temperature may increase decomposition of
soil organic matter and emissions of CO,, reducing the
potential for C sequestration.

Increased fire hazard and insect outbreaks will provide
significant challenges for sustainable management of
forests for timber and other uses, but may also motivate
restoration of fire-tolerant longleaf pine (Pinus palustris
Mill.) forests.



An Imperative for Action

Climate change will generally reduce ecosystem services
because most human enterprises are based on past climatic
environments and the assumption of static natural resource
conditions. Increased forest disturbance will, at least tem-
porarily, reduce productivity, timber value, and C storage,
and, in some cases, will increase surface runoff and ero-
sion. Changes in forest ecosystems that affect hydrology
and water supply will typically result in a significant loss of
resource value. Scientific principles and tools for adapting
to these climate change effects focus on education, vulner-
ability assessment of natural resources, and development of
adaptation strategies and tactics. The hallmark of successful
adaptation efforts in the United States has been science-
management partnerships that work collaboratively within
public agencies and externally with various stakeholders.
Several recent case studies of adaptation for national forests
and national parks are now available and can be emulated by
other land management organizations.

Although uncertainty exists about the magnitude and
timing of climate change effects on forest ecosystems, suf-
ficient scientific information is available to begin taking
action now. Managing simultaneously for C and for on-the-
ground implementation of adaptation plans is challenging
in both public and private sectors; however, implementation
can be increased through effective exchange of information
and success stories. Land managers are already using “cli-
mate-smart” practices, such as thinning and fuel treatments
that reduce fire hazard, reduce intertree competition, and in-
crease resilience in a warmer climate. Building on practices
compatible with adapting to climate change provides a good
starting point for land managers who may want to begin the
adaptation process. Establishing a framework for managing
forest ecosystems in the context of climate change as soon as
possible will ensure that a broad range of options is available
for managing forest resources sustainably.

We are optimistic that a proactive forest sector will

make the necessary investments to work across institutional

and ownership boundaries by developing, sharing, and
implementing effective adaptation approaches. This will be
accomplished by (1) embracing education on climate science
for resource professionals and the general public; (2) ensur-
ing accountability and infusing climate change into organi-
zational efforts (e.g., management plans and projects); (3)
implementing an all-lands approach through collaboration
across administrative, political, and ownership boundaries;
and (4) streamlining planning processes and establishing
projects on the ground. The twofold challenge of adapting
to climate change and managing C in the broader context
of sustainable forest management will require creativity by
future generations of forest resource managers. In the short
term, management strategies that are relatively inexpensive,
have few institutional barriers, and produce timely results
can be rapidly implemented. For adaptation, examples
include reducing nonclimatic stressors in forests (e.g., non-
native pathogens), implementing fuel reduction, and reduc-
ing stand densities. For C management, examples include
reducing deforestation, increasing afforestation, reducing
wildfire severity, increasing tree growth, and increasing use
of wood-based bioenergy. Specific strategies and actions
will differ by location, inherent forest productivity, and local
management objectives.

Coordinating adaptation and C management will help
optimize implementation across specific landscapes. For
example, fuel reduction treatments can reduce wildfire
severity in dry forests (adaptation) and provide material for
local bioenergy use (C management). In the near term, we
anticipate that federal agencies will continue to lead the de-
velopment of science-management partnerships and collab-
orative approaches to climate-smart management, although
(static) legal, regulatory, and institutional constraints will
continue to deter timely responses to (dynamic) climate-
caused changes in forest ecosystems. Successful adaptation
strategies and C management will likely accelerate across
large landscapes as community-based partnerships integrate
climate change-related concerns into sustainable stewardship
of natural resources.
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Chapter 1

Introduction

David L. Peterson and James M. Vose!

Projected changes in climate (temperature and precipita-
tion means and extreme events), increased atmospheric
carbon dioxide (CO,), and increased nitrogen deposition are
likely to affect U.S. forests throughout this century. Effects
will be both direct (e.g., effects of elevated CO, on forest
growth and water use) and indirect (e.g., altered disturbance
regimes), and will differ temporally and spatially across the
United States. Some of these effects may already be occur-
ring. For example, large insect outbreaks and large wildfires
during the past decade (Bentz et al. 2009, Turetsky et al.
2010) are a wake-up call about the potential effects of a rap-
idly changing climate on forest ecosystems. Individually and
in combination, these two major disturbance phenomena are
reshaping some forest landscapes and may be causing long-
term, possibly permanent changes in forest structure, func-
tion, and species composition (Hicke et al. 2012, McKenzie
et al. 2004). Combined with other stressors, such as invasive
species and air pollution (McKenzie et al. 2009), and a
legacy of fire exclusion and other land management activi-
ties, maintaining resilience and restoring forest ecosystems
in the face of climate change will be a major challenge for
the 21 century and beyond (Peterson et al. 2011).

In this document, we provide a scientific assessment of
the current condition and likely future condition of forest
resources in the United States relative to climatic variability
and change. This assessment, which is conducted periodi-
cally by the U.S. Global Change Research Program as a
component of a broader assessment of the effects of climate
change on natural resources (U.S. Global Change Research
Program 2012), is scheduled to be completed in 2013. The
most recent assessment of the forest sector (Ryan and

! David L. Peterson is a research biological scientist, U.S. Depart-
ment of Agriculture, Forest Service, Pacific Northwest Research
Station, Pacific Wildland Fire Sciences Laboratory, 400 N 34"
Street, Suite 201, Seattle, WA 98103; James M. Vose is a research
ecologist, U.S. Department of Agriculture, Forest Service, Southern
Research Station, Center for Integrated Forest Science and Synthesis
at North Carolina State University, Department of Forestry and
Environmental Resources, Campus Box 8008, Raleigh, NC 27695.

Archer 2008) provides a foundation and point of departure
for this document. We focus on the latest observations of ef-
fects of climatic variability and change in forest ecosystems,
supported by scientific literature, with emphasis on issues
and solutions relevant for sustainable management of forest
resources.

It is difficult to conclude whether recently observed
trends or changes in ecological phenomena are the result
of human-caused climate change or climatic variability.
Regardless of the cause, we emphasize the response of forest
resources to climatic patterns observed over the past few
decades because they are similar to climatic phenomena
expected for the rest of the 21 century. Compared to most
of the 20" century, these more recent patterns are associated
with periods of warmer temperature throughout the United
States, and to multiyear droughts (low soil moisture) in
arid and semiarid regions of the Western United States and
many areas of the Eastern United States (Karl et al. 2009).
For example, Breshears et al. (2005) concluded that dieback
of pinyon pine (Pinus edulis Engelm.) in the Southwestern
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United States was caused by “global-change type drought.”
If extended drought will indeed be more common in the
future, then it is reasonable to infer that this type of dieback
will also be more common. “Global-change type” climatic
phenomena provide a reasonable context for projecting the
effects of climate change on forest ecosystems.

In this document, we develop inferences from small-
scale experiments (e.g., soil warming or CO, enrichment
studies) and time series of natural resource data when avail-
able, while recognizing the challenges and uncertainties
of scaling small-scale and site-specific studies in time and
space (Peterson and Parker 1998). We also use the results of
simulation modeling to project the effects of climate change
on species distribution and abundance, ecosystem processes,
ecological disturbance, and carbon dynamics. The results
of both empirical (statistical) and process-based (mecha-
nistic) models are presented, and we emphasize that these
results are projections (proposed or calculated), rather than
predictions (forecast or foretold about the future). Trends
established by empirical data, combined with results from
robust modeling, are a good combination on which to base
inferences about climate change effects (e.g., Aradjo et al.
2005). In this document, climate change effects are rarely
projected beyond 2100, the limit for most current global cli-
mate models and emission scenarios (Solomon et al. 2007).
We have high confidence in projections through the mid-21%
century, beyond which agreement among global climate
models diverges.

Forest ecosystems are inherently resilient to variability
in climate at time scales ranging from daily to millennial.
For example, forest species distribution and abundance have
shifted over long time scales by responding individually to
variability in temperature, precipitation (Brubaker 1986),
and climatic influences on wildfire and other disturbance
regimes (Prichard et al. 2009, Whitlock et al. 2008). Gradual
changes in mean climate or atmospheric environment
produce gradual changes in ecosystems. However, a rapid
increase in temperature will increase the number of extreme
climatic periods (e.g., extended droughts), leading to more
frequent and intense ecological disturbances, which in turn
lead to rapid change in the composition and dynamics of
forests (McKenzie et al. 2009). Therefore, this assessment

2

often focuses on extreme events and ecological disturbance,
because these phenomena usually produce faster, larger,
and more persistent changes than does a gradual increase in
temperature.

Although the short-term effects of the El Nifio-Southern
Oscillation on natural resources have been well documented,
the effects of dominant modes of climatic variability (Atlan-
tic Monthly Oscillation, Pacific Decadal Oscillation, Pacific
North American pattern) provide a better understanding
about the potential effects of climate change, because peri-
ods of warmer (and cooler) and drier (and wetter) conditions
are experienced over two to three decades at a time. For ex-
ample, in some areas of the Western United States, the warm
phase of the Pacific Decadal Oscillation is associated with
more area burned by wildfire than in the cool phase (Hessl
et al. 2004, Schoennagel et al. 2007). Studies of longer term
modes of climatic variability thus provide a window into the
nature of a permanently warmer climate, including quanti-
tative relationships among temperature, precipitation, and
area burned, on which projections of the effects of different
climatic conditions can be based.

Forests that experience frequent disturbance often have
characteristics that enhance their capacity to survive distur-
bance events (resistance) or facilitate recovery after distur-
bance (resilience) (Millar et al. 2007). Despite this inherent
capacity, current thinking suggests that the rapid pace and
magnitude of climate change will exceed the resistance and
resilience capacity of many forests, and novel ecosystems
without historical analogs will develop (Hobbs et al. 2009,
Williams and Jackson 2007). A significant challenge for
resource managers is to identify areas where forests are most
vulnerable to change (i.e., have low resistance and resil-
ience) and where the effects of change on critical ecosystem
services will be greatest. Among the most obvious locations
for vulnerable forest ecosystems (and species) are those
near the limits of their biophysical requirements (Parmesan
and Yohe 2003). However, the complexities of fragmented
landscapes and multiple co-occurring stressors are likely
to change response thresholds in many forest ecosystems
(Fagre et al. 2009), with outcomes that may be unpredict-
able and unprecedented (Anderson et al. 2009, Scheffer et
al. 2009). Under these conditions, traditional approaches
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to forest management that focus on historical conditions or
protection of rare species or communities are likely to fail.
Management approaches that instead anticipate and respond
to change by guiding development and adaptation of forest
ecosystem structures and functions will be needed to sustain
desired ecosystem services and values across large land-
scapes and multiple decades (Millar et al. 2007, Seastedt et
al. 2008). In this document, we discuss new management
approaches along with specific tools and case studies.
Uncertainty and risk are frequently discussed in this docu-
ment, as mandated by general guidance for the National
Climate Assessment. Important sources of uncertainty
include short time series of climatological and forest effects
data, limited spatial extent of many types of measurements,
lack of understanding of complex ecological processes, and

simulation models that cannot accurately represent a wide

range of ecosystem dynamics. Risk is generally associated
with the likelihood of exposure or effects at specific points
in time, combined with the magnitude of the consequence
of a particular biophysical change (Mastrandrea et al. 2010,
Yohe and Oppenheimer 2011). Risk is inherently associated
with human judgments and ranking (e.g., high, medium,
low) and human values related to ecosystem services and
perceptions (good vs. bad). When clearly articulated, in
either qualitative or quantitative terms, uncertainty and risk
are useful concepts for natural resource managers, decision-
makers, and policymakers (Spittlehouse and Stewart 2003).
Incorporating risk into discussions of climate change effects
is relatively new for the forest resources community, but we
are optimistic that doing so will improve our ability to apply
climate change science to the management of forest ecosys-
tems, including the development of adaptation options.
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Chapter 2

Effects of Climatic Variability and Change

Michael G. Ryan and James M. Vose!
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K. Kerns, Steven L. Klein, Jeremy S. Littell, Charles H. Luce, Don McKenzie, David N. Wear, and Aaron S. Weed?

Introduction

Climate profoundly shapes forests. Forest species com-
position, productivity, availability of goods and services,
disturbance regimes, and location on the landscape are all
regulated by climate. Much research attention has focused on
the problem of projecting the response of forests to changing
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climate, elevated atmospheric carbon dioxide (CO,) concen-
trations, and nitrogen deposition, deepening our understand-
ing since the publication of the last forest sector assessment
(Ryan et al. 2008). We have many new examples of how
changes in climate over the period 1971-2000 have affected
forest ecosystems, including long-term monitoring data on
forest change, multifactor experiments that document the
potential interactions between temperature and elevated
CO,, and new modeling approaches that project the effect
of projected changes in climate on forest ecosystems, their
goods and services, and their disturbance regimes. Climate
projections are being done on a finer spatial scale, and global
climate models include more detail and feedbacks with ter-
restrial processes. Downscaled estimates from these models
are more readily available and have been used for more
regional and local assessments. Despite the large amount

of new research, this new information has not substantially
altered the primary projections made in the last assess-
ment (Ryan et al. 2008). In this assessment, we have added
more detail about the effects covered in the last assessment
(especially altered disturbance regimes and potential effects
on hydrologic processes), provided more information about
regional effects, and covered additional topics.

Climate change, higher CO, concentrations, and in-
creased nitrogen (N) deposition have already significantly
affected the Nation’s forests. These effects are projected to
get even larger in the future as the climate warms throughout
this century and moves further from the historical climate.
Although projecting the response of forest ecosystems to
global change is difficult and complex, we have a high
degree of confidence in many of the projections made for
larger scales and for the next few decades. Our confidence
comes from the observed changes that have occurred in
response to the relatively small changes in climate over the

past 30 years. Predicted future climate will likely bring even
7
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more dramatic effects, because temperatures are expected

to be 2.5 to 5.3 °C warmer than in 1971 to 2000, and large
effects have been seen with less than 1 °C warming over

the past 30 years. For example, snowpack is melting earlier
in the spring, forest fires are becoming larger, bark beetles
are moving higher in elevation and attacking species that
were climatically protected in the past, bark beetle and other
insect outbreaks have become larger and more frequent with-
out very cold winters to stop them, and drought has killed
trees in the drier regions of tree species’ ranges. For many
factors, the aggregate ecosystem response over large areas
is well understood, perhaps even better understood than the
projections of future climate, which differ from model to
model, are less certain about precipitation than temperature,
and have less certain regional and local projections.

Sometimes, we do not know enough about the science
to make good projections. For example, how do increased
temperature and drought interact to affect tree mortal-
ity? Will mature trees respond to elevated CO,? For these
problems, further research will improve our projections. In
addition, many outcomes rely on complex interactions and
contingencies, making projections difficult, highly uncertain,
or sometimes, impossible. Some of the projected climates
will be novel, with no historical analog and hence, we
have limited experience or data on how ecosystems might
respond. Trees are long-lived organisms and individuals of
some species may remain in place long after an altered cli-
mate would favor the establishment of different species. This
is because seeds for replacement species may not move into
an altered environment, so the best-adapted species to the
new climate may not be available. The interaction of climate
and disturbance will substantially alter forest ecosystems.
As a result, species and forest ecosystem processes may not
have time to adapt to a rapidly changing climate, and mul-
tiple disturbance and stressor interactions will make it even
more difficult to understand and project responses to climate
change.

Predicting outcomes for a particular location is very un-
certain, because in general, projections of future climate and
ecosystem response for a given area are very uncertain. Over
a very large area, patterns that are obscured by interannual

variability at an individual location begin to emerge. For
example, in the Western United States, the annual area
burned by fire has increased and snowmelt has occurred ear-
lier as temperatures have warmed. However, projecting how
fire or snowmelt will be affected at the local or forest-stand
scale is much more subject to contingencies and local factors
that were not assessed in developing regional relationships,
making the projections very uncertain at smaller spatial
scales.

Predictions for the long term are also uncertain. Projec-
tions of future climate differ among both the global climate
models used and the different emission scenarios. For eco-
systems, longer time periods allow more time for contingen-
cies and unanticipated factors to shape the future, adding
additional uncertainty.

In this chapter, we review studies that were either
published after the last forest assessment (Ryan et al. 2008)
or not previously covered. We summarize the state-of-
knowledge on projected changes in future climate. Next, we
discuss the potential effects of climate change on disturbance
regimes and forest processes and their interactions. Finally,
connections between biophysical responses and socioeco-
nomic responses are discussed in the context of ecosystem
services.

Projected Changes in Future Climate
Scenarios for Projecting Future Climate

Projected changes in future climate are based on output
from 15 global climate models (GCMs) (box 2.1). All model
runs used future scenarios of economic growth, population
growth, and greenhouse gas emissions scenarios that were
intended to represent the high (A2) and low (B1) ends of
future emissions. A2 describes a world with continuous high
population growth, slow economic development, slow tech-
nological change, and independently operating, self-reliant
nations. B1 describes an environmentally friendly world
with an emphasis on global solutions to economic, social,
and environmental stability; a global population that peaks
in mid-century and then declines, and with rapid changes

in the economy toward a service and information economy,
reductions in material intensity, and the introduction of clean
and resource-efficient technologies. For models of effects,
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some additional scenarios and GCMs were used in this
report and are noted where appropriate.

Trends in temperature and precipitation from weather
stations show that the United States has warmed over the
past 100 years, but the trends differ by region (Backlund et
al. 2008). The southeastern United States has cooled slightly
(<0.7 °C), and Alaska has warmed the most (~4.5 °C); other
Northern and Western U.S. regions also show a warming

whereas other areas, especially in the Southwest, now re-
ceive less (Backlund et al. 2008).

Temperature Projections

Average annual air temperatures across the continental
United States are likely to steadily increase over the next
century under the two emission scenarios (fig. 2.1). Com-

pared to 1971 through 2000, average annual air temperature

trend (~1.5 °C). Much of the Eastern and Southern United

States now receives more precipitation than 100 years ago,

will likely increase from 0.8 to 1.9 °C by 2050, from 1.4 to
3.1 °C by 2070, and from 2.5 to 5.3 °C by 2099. The range

Box 2.1—Global climate models and emission scenarios

Most of the climate projections used to describe future climatic conditions in this report are based on model ensembles,
that is, syntheses of the output of various global climate models (GCMs).2 The report includes output from four specific
GCMs, as summarized below:

CCSM2 (Community Climate System Model, version 2)—U.S. National Center for Atmospheric Research
(http://www.CESM.NCAR.edu).

CSIRO Mk3—Australian Commonwealth Scientific Industrial Research Organisation (Gordon et al. 2002).

Hadley (versions 1 to 3)—United Kingdom Hadley Center (Burke et al. 2006).

PCM (Parallel Climate Model)—U.S. National Center for Atmospheric Research (Washington et al. 2000).

This report also uses terminology that refers to standard greenhouse gas (GHG) emission scenarios as described by the
Intergovernmental Panel on Climate Change (IPCC). Emission scenarios cited in the report are described below, in which
A scenarios have higher GHG emissions and higher projected temperature increases than B scenarios.

A2—A2 scenarios represent a more divided world, characterized by independently operating, self-reliant na-
tions; continuously increasing population, and regionally oriented economic development.

Al1F1—A1 scenarios represent a more integrated world, characterized by rapid economic growth, a global
population that reaches 9 billion in 2050 and then gradually declines, quick spread of new and efficient technolo-
gies, a world in which income and way of life converge between regions, and extensive social and cultural interac-
tions worldwide. A1F1 emphasizes the use of fossil fuels.

Al1B—Same as A1F1, except it emphasizes a balance of energy sources.

B1—B1 scenarios represent a more integrated, ecologically friendly world, characterized by rapid economic
growth as in A1, but with rapid changes toward a service and information economy, population rising to 9 billion
in 2050 and then declining as in A1, reductions in material intensity and the introduction of clean and resource ef-
ficient technologies, and an emphasis on global solutions to economic, social, and environmental instability.

B2—B2 scenarios represent a more divided but more ecologically friendly world, characterized by continuous-
ly increasing population but at a slower rate than in A2; emphasis on local rather than global solutions to economic,
social, and environmental instability; intermediate levels of economic development; and less rapid and more frag-
mented technological change than in A1 and B1.

The forthcoming Fifth [IPCC Assessment, scheduled for publication in 2014, will use representative concentration path-
ways (RCP) rather than the emission scenarios that were used in the Fourth Assessment (Solomon et al. 2007). The RCPs
are four GHG concentrations (not emissions), named after a possible range of radiative forcing (increased irradiance
caused by GHGs) values at the Earth’s surface in the year 2100: RCP2.6, RCP4.5, RCP6, and RCPS.5, which represent
2.6,4.5, 6.0, and 8.5 W-m?, respectively (Moss et al. 2008). Current radiative forcing is approximately 1.6 W-m?, which
is equivalent to a global-scale warming effect of 800 terawatts.

3 Kunkel, K.E.; Stevens, L.E.; Sun, L. [et al.]. [N.d.]. Climate of the contiguous United States. Tech. Memo. National
Oceanographic and Atmospheric Administration. On file with: North Carolina State University, 151 Patton Avenue,
Asheville, NC 28801.
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Figure 2.1—Multimodel mean annual differences in temperature between the three future periods compared to 1971 to 2000, from

15 global climate models using two greenhouse gas emission scenarios (A2 and B1). The A2 scenario is for higher greenhouse gas
emissions than for B1 (see text). For most interior states, models project a 1.4 to 1.9 °C temperature increase, rising to 2.5 to 3.6 °C
for 2051 to 2071, and to > 4.2 °C for 2071 to 2099, depending on the emission scenario. (Kunkel, K.E.; Stevens, L.E.; Sun, L. [et al.].
[N.d.]. Climate of the contiguous United States. Manuscript in preparation. On file with: NOAA’s National Climate Data Center, 151
Patton Avenue, Asheville, NC 28801.)

10



Effects of Climatic Variability and Change on Forest Ecosystems: A Comprehensive Science Synthesis for the U.S. Forest Sector

of these estimated temperatures is bounded by the B1 and
A2 emission scenarios. Within each scenario, the magnitude
of increase depends on both latitude and proximity to coastal
areas. Greater warming is projected in more northern and
interior locations. For example, the largest temperature in-
creases are projected for the upper Midwest, and the smallest
temperature increases are projected for peninsular Florida.
Seasonally, these two constraints on the magnitude of warm-
ing are also apparent. For the higher emission scenario, the
least amount of warming is expected for autumn (1.9 to 3.1

°C) and spring seasons (1.4 to 2.5 °C). Winter season shows
the most pronounced warming across the United States, with
little change across the South and increases up to 3.6 °C in
the North. During the summer, greater warming is projected
for more interior locations (up to 3.6 °C warming across the
central United States from Kentucky to Nevada).

In addition to overall warming over the next century,
both the number of days when maximum temperatures
exceed 35 °C and when heat waves occur (defined as the

number of consecutive days with maximum temperatures

Figure 2.2—Spatial distribution of the mean change in the annual number of days with a maximum
temperature above 35 °C (A), and in the annual number of consecutive days with a maximum tem-
perature greater than 35 °C (B) between 1971 to 2000 and 2041 to 2070. Models project that much of
the Southeastern and Southwestern United States will experience more days with maximum tempera-
ture exceeding 35 °C, and longer runs of those days. Results are for the high (A2) emission scenario
only, from the North American Regional Climate Change Assessment Program multimodel means (n
=9 GCMs). (Kunkel, K.E; Stevens, L.E.; Sun, L. [et al.]. [N.d.]. Climate of the contiguous United
States. Manuscript in preparation. On file with: NOAA’s National Climate Data Center, 151 Patton

Avenue, Asheville, NC 28801.)
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exceeding 35 °C) are likely to increase over the next century
(fig. 2.2). Under the higher greenhouse gas (GHG) emission
scenario, the southeast will likely experience an additional
month of days with maximum temperatures exceeding 35
°C, and the Pacific Northwest and Northeast regions will
likely experience 10 more of these days per year. Under
future GHG emission scenarios, the United States will likely
experience longer heat waves. In the Southwest, the average
length of the annual longest heat wave will likely increase
by 20 days or more. Little or no change is predicted for heat
waves in the northwest, northeast and northern parts of the
Great Plains and Midwest regions. Most other areas will

likely see longer heat waves of 2 to 20 additional days.

Precipitation projections—

Precipitation differs even more than temperature across the
United States and through seasons and years. Any long-
term trends in precipitation are less apparent within the high
variation across years and decades. Observed data from the
past century across the United States show that mean annual
precipitation has significant interannual variability, with
two particularly dry decades (1930s and 1950s) followed by
a few relatively wet decades (1970-99); the overall result

is a century-long increase in precipitation (Groisman et al.
2004).

Over the next century, multimodel mean projections
of precipitation across the entire United States generally
predict little or no net change in precipitation, although the
variance among models is high (fig. 2.3). Some models pre-
dict a significantly drier future (at least in some regions), and
others a significantly wetter future. The agreement among
models in the future forecasts for precipitation is high for
some models (Solomon et al. 2007). For example, there is
general consensus among GCMs that annual precipitation
in the Southwest will decrease by 6 to 12 percent (fig. 2.4),
whereas precipitation in the northern states will increase by
6 to 10 percent (Easterling et al. 2000a, 2000b; Groisman
et al. 2004; Huntington 2006; Pachuri and Reisinger 2007,
Solomon et al. 2007).

Many regions of the United States have experienced
increases in precipitation extremes, droughts, and floods
over the last 50 years (Easterling et al. 2000a, 2000b;
Groisman et al. 2004; Huntington 2006; Pachuri and
12

Reisinger 2007; Solomon et al. 2007). In most GCMs, as

the climate warms, the frequency of extreme precipitation
events increases across the globe, resulting in an intensifica-
tion of the hydrologic cycle (Huntington 2006). For exam-
ple, the upper 99" percentile of the precipitation distribution
is projected to increase by 25 percent with a doubling of CO,
concentration (Allen and Ingram 2002). The timing and spa-
tial distribution of extreme precipitation events are among
the most uncertain aspects of future climate scenarios (Allen
and Ingram 2002, Karl et al. 1995).

Drought projections—

As the climate warms from increasing GHGs, both the pro-
portion of land experiencing drought and the duration

of drought events will likely increase (Burke et al. 2006).
The spatial distribution of changes in drought over the

21% century using the A2 scenario predicts significant

Figure 2.3—Mean annual percentage of precipitation change for
three future time periods, relative to a 1971 to 2000 reference pe-
riod. Little change in annual precipitation is projected for the con-
tinental United States as a whole, but individual model projections
differ widely. Model projections for the high (A2) and low (B1)
emission scenarios for all three time periods used 15 GCMs. Also
shown are results for the North American Regional Climate Change
Assessment Program simulations for 2041-2070 and the four
GCMs used in the NARCCAP experiment (A2 only). Plus signs
are values for each individual model; circles show overall means.
(Kunkel, K.E.; Stevens, L.E.; Sun, L. [et al.]. [N.d.]. Climate of
the contiguous United States. Manuscript in preparation. On file
with: NOAA’s National Climate Data Center, 151 Patton Avenue,
Asheville, NC 28801.)
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Figure 2.4—Mean percentage of annual differences in U.S. precipitation between three future periods relative to a 1971 to
2000 reference period. The Northeast, northern Midwest and Northwest are projected to have slightly more precipitation,
and the Southwest is projected to have 2 to 12 percent less precipitation, depending on the emission scenario, location,
and time period. Means are for all 15 GCMs. (Kunkel, K.E.; Stevens, L.E.; Sun, L. [et al.]. [N.d.]. Climate of the contigu-
ous United States. Manuscript in preparation. On file with: NOAA’s National Climate Data Center, 151 Patton Avenue,

Asheville, NC 28801.)

drying over the United States (fig. 2.5). Globally, the Palmer
Drought Severity Index is predicted to decrease by 0.3 per
decade (indicating increased drought) for the first half of the
21% century. Relative to historical figures, the percentage of
the land surface in drought annually is predicted to increase
in 2010-2020 from 1 to 3 percent for the extreme droughts,
from 5 to 10 percent for the severe droughts, and from 20 to
28 percent for the moderate droughts (fig. 2.6). This drying

trend continues throughout the 21 century. By the 2090s,
the percentage of the land area in drought is predicted to
increase for extreme, severe, and moderate droughts to

30 percent, 40 percent, and 50 percent, respectively. For
extreme and severe droughts, the number of drought events
is projected to double; for moderate drought the number of
events remains stable. The duration of all forms of drought
events also increases.

13
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Figure 2.5—The trend in the Palmer Drought Severity
Index (PDSI) per decade for (a) observed data and the
mean of (b) the first half and (c) the second half of the
21% century. The PDSI is projected to decrease by 0.5 to 1
unit per decade for the period 2050-2096. For the PDSI,
-1.9 to 1.9 is near normal, -2 to -2.9 is moderate drought,
-3 to -3.9 is severe drought, and less than -4 is extreme
drought. Projections are made by the third version of the
Hadley Centre coupled ocean—atmosphere global climate
model (HadCM3) with the A2 emission scenario. Figure
from Burke et al. (2006). © British Crown Copyright
2006, Met Office.

Figure 2.6—The projected average annual proportion of the global land surface in drought each month shows drought increas-
ing over the current century. Drought is defined as extreme, severe, or moderate, which represents 1 percent, 5 percent, and 20
percent, respectively, of the land surface in drought under present-day conditions. Results from the three simulations are from
the third version of the Hadley Centre coupled ocean—atmosphere GCM (HadCM3) with the A2 emission scenario. Figure from

Burke et al. (2006). © British Crown Copyright 2006, Met Office.

14



Effects of Climatic Variability and Change on Forest Ecosystems: A Comprehensive Science Synthesis for the U.S. Forest Sector

Sea Level Rise

Global sea level rise results from changing the ocean’s

water volume because of changes in temperature, salin-

ity, ice melting, and land surface runoff. Global sea level
responds to climate cycles of alternating glacial and inter-
glacial conditions over millions of years (Kawamura et al.
2007). Mean sea level rose by 120 m since the most recent
ice age, at a rate of about 1 m per century. For the last 6,000
years, sea level has remained relatively stable, with observed
data indicating a global mean level increase of 0.17 m per
century (Grinsted et al. 2010). As the temperature rises in
GHG emission scenarios, a combination of factors (e.g.,
polar ice sheet melting) contributes to sea level rise. Four
scenarios of projections of sea level rise are shown in fig. 2.7
(Parris et al. 2011). The low scenario is a linear extrapola-
tion of historical trends (1.7 mm-yr ') in sea level rise over
the entire period of tidal observations (1880 through 2009);
the two intermediate scenarios (A2 and B1 simulations) are

quadratic extrapolations of four semiempirical studies based

on average sea level rise for 2100; and the high scenario is a
quadratic extrapolation based on analysis of plausible glacio-
logical conditions required for large sea level rise (2 m) to
occur by 2100. Depending on the scenario, global sea level
is projected to rise 0.2 to 2.0 m by 2100.

Satellite altimetry records show that the mean sea level
rise since the middle of the 19" century is not uniform (fig.
2.8). The Pacific Coast of the United States showed little sea
level rise, consistent with tide gage records (see discussion
in Parris et al. 2011). In contrast, sea level rise in the Gulf of
Mexico has averaged 3.2 mm-yr ' since 1992. Whether the
observed spatially explicit trends will continue in the future
is a topic of active research. For example, the spatial trend
in the Pacific is thought to be a combination of wind stress
patterns associated with the short-term climatic factors of
the Pacific Decadal Oscillation (PDO) and El Nifio-Southern
Oscillation (ENSO). Because PDO and ENSO regularly shift
phases, the likelihood is low that the observed sea level rise

trends will continue with the same magnitude and direction.

Figure 2.7—Four scenarios of projections of sea level rise from Parris et al. (2011) show sea level increas-
ing from 0.2 to 2.0 m by 2100. The low scenario (dark blue line) is a quadratic extrapolation to the period
1990 to 2100 of historical trends in sea level rise over the entire period of observations (1880 to 2009). The
two intermediate scenarios (high and low) are based on averages of the A2 simulation (orange line) and B1
simulation (green line), respectively, of four semiempirical studies. The high scenario (red line) is based on
analysis of plausible ice melting required for a large sea level rise (2 m) to occur by 2100.
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Figure 2.8—Geographic variability in the rate of global sea level change (1992-2010) based on three satellite
records (TOPEX, Jason 1 and Jason 2) shows that little sea level rise occurred for the coastal United States
during that period. Figure from NOAA Laboratory for Satellite Altimetry — Accessed November 2, 2011.

Key Findings

* Using the Al and B2 emission scenarios, average
annual temperatures will likely increase from 2.5 to 5.3
°C by 2100 relative to 1971 to 2000, and the highest
temperature increases will likely be in the northern and
interior United States; days with temperature higher than
35 °C will also likely increase.

*  Average annual precipitation in the Southwest will
likely decrease 6 to 12 percent by 2100 and increase for
northern states by 6 to 10 percent.

* Drought will likely increase and the increase will likely
intensify as temperature increases.

* Global sea level will likely rise between 0.2 and 2.0 m by
2100.

Key Information Needs

* Improved projections of the timing, spatial distribution,
and severity of extreme precipitation events.

* Expanded and more coordinated monitoring networks
and data accessibility to enable detection and evaluation
of changes in meso- and small-scale microclimatic

conditions.
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Effects of Climate Change on
Disturbance Regimes

Disturbances such as fire, insect outbreaks, disease, drought,
invasive species, and storms are part of the ecological histo-
ry of most forest ecosystems, influencing vegetation age and
structure, plant species composition, productivity, carbon (C)
storage, water yield, nutrient retention, and wildlife habitat.
Climate influences the timing, frequency, and magnitude

of disturbances (Dale et al. 2001). As the climate continues
to change, we should expect increased disturbance through
more frequent extreme weather events, including severe
storms, drought, tornadoes, hurricanes, and ice storms. Indi-
rect effects may amplify these changes, with conditions that
favor fire, insect and pathogen outbreaks, and invasive spe-
cies. In this section, we focus primarily on indirect effects of
climate change on important forest disturbances across the
United States.

Fire

Climate and fuels are the two most important factors
controlling patterns of fire within forest ecosystems. Climate
controls the frequency of weather conditions that promote
fire, whereas the amount and arrangement of fuels influences
fire intensity and spread. Climate influences fuels on longer
time scales by shaping species composition and productiv-
ity (Marlon et al. 2008, Power et al. 2008) and large-scale
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climatic patterns, such as the ENSO, PDO, Atlantic Multi-
decadal Oscillation, and Arctic Oscillation (Kitzberger et al.
2007) (interior West: Collins et al. 2006; Alaska: Duffy et
al. 2005, Fauria and Johnson 2006) are important drivers of
forest productivity and susceptibility to disturbance.

Current and past land use, including timber harvest,
forest clearing, fire suppression, and fire exclusion through
grazing (Allen et al. 2002, Swetnam and Betancourt 1998)
have affected the amount and structure of fuels in the United
States. For example, in the montane forests in the Southwest
(Allen et al. 2002) and other drier forest types in the interior
West, removal of fine fuels by grazing and fire suppression
has increased the number of trees and fuels; these changed
forest conditions have increased fire size and intensified fire
behavior. In colder or wetter forests in the Western United
States, such as subalpine forests in Yellowstone National
Park and forests in the maritime Northwest, grazing and fire
suppression have not altered fire regimes as extensively.
Forests in the Northeasten United States (Foster et al. 2002)
and the upper Midwest developed after widespread timber
harvest, land clearing, and forest regrowth after land aban-
donment. These forests burn less often and with smaller fires
than forests in other regions of the United States. Forests in
the Southeastern United States are often managed for timber,
and prescribed fire is generally more prevalent than uncon-
trolled ignitions (National Interagency Coordination Center
2011). Prescribed fire occurs every 2 to 4 years in some fire-
dependent ecosystems in the southeast (Mitchell et al. 2006).
Fire suppression and deer herbivory in the central hard-
woods section of the Eastern United States has pushed the
composition towards more mesic and fire-intolerant species
(e.g., oak-dominated to maple-dominated) (Nowacki and
Abrams 2008).

Weather remains the best predictor of how much area
will burn, despite the changes in land use and the resulting
effects on fuels. Correlations between weather and either the
area burned by fire or the number of large fires are similar
for both presettlement fires and fires of the last few decades.
These syntheses of fire-weather relationships for both pre-
settlement and modern records exist in several subregions
of the West (Northwest: Hessl et al. 2004; Heyerdahl et al.
2002, 2008a; Southwest: Grissino-Mayer and Swetnam

2000, Swetnam and Betancourt 1998; Northern Rock-

ies: Heyerdahl et al. 2008b; Westwide: Littell et al. 2009;
Westerling et al. 2003, 2006) and East (Hutchinson et al.
2008). Presettlement fire-weather relationships are derived
from trees scarred by fires or age classes of trees established
after fire and independently reconstructed climate, and
modern fire-weather comparisons are derived from observed
fire events and observed weather occurring in the seasons
leading up to and during the fire. These studies agree that
drought and increased temperature are the basic mechanisms
that promote large fires, but the effects differ by forest and
region (Littell et al. 2009, Westerling et al. 2003). Weather
can also influence fire through higher precipitation, increas-
ing understory vegetation growth, which later becomes fuel
(Littell et al. 2009, Swetnam and Betancourt 1998). Fire in
some forests responds to drought and to precipitation en-
hancement of fine fuels (Littell et al. 2009). Increased tem-
perature and altered precipitation also affect fuel moisture
during the fire season and the length of time during which
wildfires can burn during a given year.

The potential effects of climate change on forest fire
area have been assessed using statistical models that project
area burned from climatic variables, and by using global
climate models to predict future climatic variables (West-
wide: McKenzie et al. 2004, Spracklen et al. 2009, Littell et
al. 2010; Northwest: Littell et al. 2010; Yellowstone region:
Westerling et al. 2011). Estimated future increases in annual
area burned range from less than 100 percent to greater than
500 percent, depending on the region, timeframe, methods,
and future emissions and climatic scenario. Dynamic vegeta-
tion models have also been used to project future fire activ-
ity. Based on climate projections derived from global climate
models over the West, these projections suggest a wide range
of changes in biomass area burned (from declines of 80
percent to increases of 500 percent, depending on region, cli-
mate model, and emissions scenario) (Bachelet et al. 2001).
Future fire potential is expected to increase in summer and
autumn from low to moderate in eastern regions of the
South, and from moderate to high levels in western regions
of the South (Liu et al 2010). Models have not yet estimated
the effects of future climate on fire severity (i.e., the propor-
tion of overstory mortality). These effects are
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less certain because severity may be more sensitive than area
burned to arrangement and availability of fuels

The risk posed by future fire activity in a changing
climate can be assessed by its likely effects on human and
ecological systems. At the wildland-urban interface, higher
population and forest density have created forest conditions
that are likely to experience more area burned and possibly
higher fire severity than in the historical record. Fire risk is
likely to increase in a warmer climate because of the longer
duration of the fire season, and the greater availability of
fuels if temperature increases and precipitation does not
sufficiently increase to offset summer water balance deficit.
Where fuels management is common, forest fuel reduction
and restoration to presettlement tree density and ground fire
regimes help to mitigate fire hazard under current and future
climatic conditions. However, with current resources, only a
small portion of the landscape can be treated. Finally, future
fire risk may depend on whether extreme fire weather condi-
tions will change in step with monthly to seasonal climate
changes. Even if fire weather and ignitions do not change,
it is likely that risk driven only by seasonal climate changes
will increase—particularly in the wildland-urban interface
and managed forests, where fire has been historically rare or
fully suppressed and climate has not been as strong an influ-
ence as in wildland fires. The current increase in annual area
burned may be partially related to increased fuels in fre-
quent-fire forest types, in addition to more frequent weather
conditions conducive to fire. The effects of climate change
intersecting with these increased fuel loads in frequent-fire

forests will be an exceptional management challenge.

Key Findings

* Annual area burned and length of the fire season will
likely increase throughout the United States, altering
the structure, function, and potentially the species
composition of forest ecosystems.

* Increased fire in the wildland-urban interface will likely
create social and economic challenges, including higher
fire-suppression costs.

* Hazardous fuel treatments and forest restoration will

likely reduce fire severity at the local scale, but it is
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unlikely that treatments can be applied widely enough to
modify fuels across large landscapes.

» Concentrating precipitation into more intense storms
may increase fire risk through development of fine fuels
and longer drought periods.

Key Information Needs

* Quantifiable effects of increased fire occurrence on
natural resource conditions and ecosystem services,
including wildlife, water, fisheries, and C dynamics.

* Improved accuracy and spatial and temporal resolution
of models that project extreme fire events.

* Additional empirical data on and models for interactions
among seasonal hydrology, fuels, and fire occurrence in
mountain environments.

Insects and Pathogens

Biotic disturbances are natural features of forests that play
key roles in ecosystem processes (Adams et al. 2010, Boon
2012, Hicke et al. 2012a). Epidemics by forest insects and
pathogens affect more area and result in greater economic
costs than other forest disturbances in the United States
(Dale et al. 2001). By causing local to widespread tree mor-
tality or reductions in forest productivity, insect and patho-
gen outbreaks have broad ecological and socioeconomic
effects (Pfeifer et al. 2011, Tkacz et al. 2010).

The first National Climate Assessment (Melillo et al.
2000) projected increased disturbance in forests, especially
from insects, and especially from bark beetles, because of
their high physiological sensitivity to climate, short gen-
eration times, high mobility, and explosive reproductive
potential. These projections have been upheld, and current
observations suggest that disturbances are occurring more
rapidly and dramatically than imagined a decade ago (boxes
2.2 and 2.3). Understanding how these disturbances are in-
fluenced by climate change is therefore critical for quantify-
ing and projecting effects.

General Concepts

The powerful general effect of temperature on insects
and pathogens is among the best known facts of biology

(Gillooly et al. 2002), and recognition of climate change
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Box 2.2—Mountain pine beetle and five-needle pines

Five-needle pines, including whitebark (Pinus albicaulis Engelm.), limber (P. flexilis James), and bristlecone (P. aristata
Engelm.) pines, play key roles in forest ecosystems of the West. They provide food resources for wildlife, affect snow
distribution and melt, stabilize the soil, provide cover for other vegetation (Jewett et al. 2011, Logan et al. 2010), and

are valued by the public for these services (Meldrum et al. 2011). However, these conifers are currently subjected to a
climatically induced increase in biotic disturbance that is expected to continue in the coming decades. Mountain pine
beetles (Dendrotonus ponderosae Hopkins) are attacking five-needle pines across the West; aerial surveys indicate that

1 million ha were affected by five-needle pine mortality during 1997 through 2010. Research has identified higher tem-
peratures and drier conditions as important climate drivers (Jewett et al. 2011, Logan et al. 2010, Perkins and Swetnam
1996). These factors influence winter survival and development rate and population synchronization of beetles (Logan et
al. 2010) as well as susceptibility of host trees (Perkins and Swetnam 1996).

Similar epidemics occurred in the 1930s (Perkins and Swetnam 1996), also associated with a period of warmer
years, but several differences exist between the mortality then and today. Most importantly, a cooler period followed the
1930s that was less suitable for the beetle (Logan and Powell 2001). In contrast, the current warming trend which has
persisted for several decades, with resultant increases in climate suitability (Logan et al. 2010) for mountain pine beetle,
is expected to continue for decades to come (Littell et al. 2010, Logan et al. 2010). The recent beetle epidemics in five-
needle pine stands are already more extensive than in the 1930s and are killing very old trees that survived previous out-
breaks (Logan et al. 2010). Finally, white pine blister rust is predisposing whitebark pines to lethal attacks by mountain
pine beetle (Six and Adams 2007).

What is the future of these five-needle pine ecosystems? Given the trajectory of future warming, strong ties be-
tween temperature and beetle epidemics, and extensive mortality that has already occurred in some areas such as the
Greater Yellowstone Ecosystem, significant consequences are expected for these forests and the ecosystem services that
they provide (Logan et al. 2010). The recent decision of the U.S. Court of Appeals to re-list grizzly bears (Ursus arctos)
as an endangered species in the Greater Yellowstone area cited the expectation of reduced food for bears because of
climatic release of mountain pine beetle into whitebark pine forests.*

1 Greater Yellowstone Coalition v. State of Wyoming. No. 09-361000, 10-35043, 10-35052, 10-35053, 10-35054.
16 U.S.C. 1533(a)(1)(D). (2011).

Avrea affected by mortality in stands of
whitebark, limber, and bristlecone pine in
1997-2010 as detected by aerial surveys
conducted by the USDA Forest Service.
Affected area includes live and dead trees.
Gray shading indicates locations of forest.
Inset shows whitebark pine mortality in 2004
in Yellowstone National Park. Credits: Polly
Buotte, University of Idaho (map), Jeffrey
Hicke (photo).
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Box 2.3—The southern pine beetle reaches New Jersey Pinelands

The southern pine beetle (Dendroctonus frontalis Zimmermann) is the most destructive herbivore in the most pro-
ductive forests of the United States (Pye et al. 2011). Like the closely related mountain pine beetle (D. ponderosae
Hopkins), it uses aggregation pheromones to coordinate mass attacks that overwhelm the resin defenses of otherwise
healthy trees; virtually every attacked tree dies within weeks. It has multiple generations per year (at least four to five
in the warm Gulf Coast region), so the aggregations that typically form in spring can expand throughout the year as
growing “spots” of tree mortality within forest landscapes. Effective suppression of these epidemics involves locating
the spots and cutting the infested trees (Billings 2011). Effective prevention involves silvicultural thinning to reduce the
occurrence of stands with high basal
area (overstocked) that are especially
suitable for beetle population growth.
Monitoring, suppression, and pre-
vention of southern pine beetle are
integral to the management of pine
ecosystems in the southeastern United
States.

The northern distribution of
southern pine beetle is constrained
by the occurrence of lethal winter
temperatures (Ungerer et al. 1999).
As part of the first National Climate
Assessment (Ayres and Lombar-
dero 2000), it was estimated that
an increase of 3 °C in minimum
annual temperature would permit a
northern expansion of about 180 km
for this beetle. In fact, there was a
regional increase of just over 3 °C
from 1960 through 2005, and beetle
populations are now epidemic in
the New Jersey Pinelands, about
200 km north of forests with a long
history of such epidemics (Tran et
al. 2007). Warming winters did not
cause the current epidemic but may
have permitted it. Given the natural
population dynamics of southern
pine beetle and the continued ab-
sence of lethal winter temperatures
(which should be expected), the
New Jersey Pinelands has entered
a new phase where southern pine
beetle will be influencing all aspects
of forest ecology and management,
A view in October 2011 of one of many infestations of southern pine beetle in the as they have throughout the South-
New Jersey Pinelands. Aerial photo by Bob Williams, Land Dimensions. Close-up of ~ eastern United States.
southern pine beetle by Erich Vallery, USDA Forest Service. (Bottom)—Southern pine
beetles die when winter air temperatures drop below about -17.7 °C. A subcontinental
pattern of warmer winters has eliminated a climatic barrier to occupancy of the New

Jersey Pinelands by the beetle and permitted an epidemic that is presently growing and
expanding northward.
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has motivated scientific inquiry into climatic effects on the
extent and severity of forest disturbances by insects and
diseases. Clear examples exist of climatic effects on insects
(boxes 2.2 through 2.4), yet the most important insects and
pathogens of American forests remain poorly studied with
respect to the interaction with climate and resulting effects
on forests (tables 2.1 and 2.2).

Climate and atmospheric changes associated with
increasing GHGs can influence biotic disturbances of for-
ests through effects on (1) the physiology of insects and
pathogens that cause changes in their abundance and
distribution, (2) tree defenses and tolerance, and (3) interac-
tions between disturbance agents and their own enemies,
competitors, and mutualists (fig. 2.9). Current and projected
increases in temperature can enhance forest disturbance by
reducing winter mortality of insects and increasing their
range northward (Paradis et al. 2008, Safranyik et al. 2010,
Tran et al. 2007), and by increasing the development rate of
insects and pathogens during the growing season (Bentz et
al. 2010, Gillooly et al. 2002). Temperature increases can
also alter phenology, such as bringing leaf maturation into
synchrony with insect feeding (Jepsen et al. 2011) or chang-
ing the life cycle synchrony of bark beetles, which depend
on mass attack to overwhelm tree defenses (Bentz et al.
2010, Friedenberg et al. 2007).

A broader set of atmospheric drivers affect tree defenses
against, and tolerance to, herbivores and pathogens (Bidart-
Bouzat and Kliebenstein 2008, Lindroth 2010, Sturrock et
al. 2011). Deficiencies of water or mineral nutrients can both
increase and decrease tree defenses, depending on the sever-
ity of the deficiency, biochemical pathways, and the type of
defense (Breshears et al. 2005, Herms and Mattson 1992,
Lombardero et al. 2000, Worrall et al. 2008a). In addition,
tree mortality from severe drought may permit an increase
in bark beetles, which then become abundant enough to
successfully attack healthy trees (Greenwood and Weisberg
2008, Raffa et al. 2008). Limited understanding exists on
the effects of climate on tree-pathogen interactions, despite
a theoretical expectation for strong effects from temperature
and moisture (Sturrock et al.