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California’s multiyear drought killed millions of trees in low-elevation forests.

Key Message 1

Ecological Disturbances and Forest Health

It is very likely that more frequent extreme weather events will increase the frequency
and magnitude of severe ecological disturbances, driving rapid (months to years) and
often persistent changes in forest structure and function across large landscapes. It is
also likely that other changes, resulting from gradual climate change and less severe
disturbances, will alter forest productivity and health and the distribution and abundance
of species at longer timescales (decades to centuries).

Key Message 2

Ecosystem Services

It is very likely that climate change will decrease the ability of many forest ecosystems
to provide important ecosystem services to society. Tree growth and carbon storage
are expected to decrease in most locations as a result of higher temperatures, more
frequent drought, and increased disturbances. The onset and magnitude of climate
change effects on water resources in forest ecosystems will vary but are already
occurring in some regions.

Key Message 3
Adaptation

Forest management activities that increase the resilience of U.S. forests to climate
change are being implemented, with a broad range of adaptation options for different
resources, including applications in planning. The future pace of adaptation will
depend on how effectively social, organizational, and economic conditions support
implementation.




Executive Summary

Forests on public and private lands provide
benefits to the natural environment, as well as
economic benefits and ecosystem services to
people in the United States and globally. The
ability of U.S. forests to continue to provide goods
and services is threatened by climate change

and associated increases in extreme events and
disturbances.! For example, severe drought and
insect outbreaks have killed hundreds of millions
of trees across the United States over the past

20 years,? and wildfires have burned at least 3.7
million acres annually in all but 3 years from
2000 to 2016. Recent insect-caused mortality
appears to be outside the historical context** and
is likely related to climate change; however, it is
unclear if the apparent climate-related increase
in fire-caused tree mortality is outside the range
of what has been observed over centuries of
wildfire occurrence.’

A warmer climate will decrease tree growth in
most forests that are water limited (for example,
low-elevation ponderosa pine forests) but will
likely increase growth in forests that are energy
limited (for example, subalpine forests, where
long-lasting snowpack and cold temperatures
limit the growing season).® Drought and extreme
high temperatures can cause heat-related stress
in vegetation and, in turn, reduce forest produc-
tivity and increase mortality.”® The rate of climate
warming is likely to influence forest health (that
is, the extent to which ecosystem processes are
functioning within their range of historic varia-
tion)” and competition between trees, which will
affect the distributions of some species.”*!!

Large-scale disturbances (over thousands to
hundreds of thousands of acres) that cause rapid
change (over days to years) and more gradual cli-
mate change effects (over decades) will alter the
ability of forests to provide ecosystem services,
although alterations will vary greatly depend-
ing on the tree species and local biophysical
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conditions. For example, whereas crown fires
(forest fires that spread from treetop to treetop)
will cause extensive areas of tree mortality in
dense, dry forests in the western United States
that have not experienced wildfire for several
decades, increased fire frequency is expected to
facilitate the persistence of sprouting hardwood
species such as quaking aspen in western moun-
tains and fire tolerant pine and hardwood species
in the eastern United States (see regional chap-
ters for more detail on variation across the United
States). Drought, heavy rainfall, altered snowpack,
and changing forest conditions are increasing
the frequency of low summer streamflow, winter
and spring flooding, and low water quality in
some locations, with potential negative impacts
on aquatic resources and on water supplies for
human communities.’*"

From 1990 to 2015, U.S. forests sequestered 742
teragrams (Tg) of carbon dioxide (CO,) per year,
offsetting approximately 11% of the Nation’s
CO, emissions. U.S. forests are projected to
continue to store carbon but at declining rates,
as affected by both land use and lower CO,
uptake as forests get older.>!61"18 However, car-
bon accumulation in surface soils (at depths of
0-4 inches) can mitigate the declining carbon
sink of U.S. forests if reforestation is routinely
implemented at large spatial scales.

Implementation of climate-informed resource
planning and management on forestlands has
progressed significantly over the past decade.
The ability of society and resource management
to continue to adapt to climate change will be
determined primarily by socioeconomic factors
and organizational capacity. A viable forest-based
workforce can facilitate timely actions that mini-
mize negative effects of climate change. Ensuring
the continuing health of forest ecosystems and,
where desired and feasible, keeping forestland in
forest cover are key challenges for society.

Fourth National Climate Assessment
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Climate Change Vulnerabilities and Adaptation Options

T

== A

Climate Change Increasing wildfire Increasing Lower snowpack, Lower summer streamflows
Vulnerabilities  areaburned and drought severity increasing precipitation  and increasing stream
fire season length and incidence of intensity, and higher temperatures
insect outbreaks winter peakflows
Adaptation  Reduce hazardous Reduce forest stand Implement designs Use mapping of projected

Options  fuels with prescribed density to increase tree for forest road systems ~ stream temperaturesto set
burning and managed  vigor; plant drought-tolerant ~ that consider increased  priorities for riparian restoration
wildfire species and genotypes flooding hazard and coldwater fish conservation

To increase resilience to future stressors and disturbances, examples of adaptation options (risk management) have been
developed in response to climate change vulnerabilities in forest ecosystems (risk assessment) in the Pacific Northwest.
Vulnerabilities and adaptation options vary among different forest ecosystems. From Figure 6.7 (Sources: U.S. Forest Service
and University of Washington).
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State of the Sector

Forests are distributed across the spectrum of
rural to urban environments, covering 896 mil-
lion acres (including approximately 130 million
acres in urban, suburban, and developed areas),
or 33% of land in the contiguous United States,
Alaska, and Hawai'‘i. The structure and function
of these forests vary considerably across the
Nation due to differences in environmental
conditions (for example, soil fertility; tem-
perature; and precipitation amount, type, and
distribution), historical and contemporary
disturbances, and forest management and
land-use activities.

Forests on public and private lands provide
benefits to the natural environment, as well as
economic benefits and ecosystem services (for
example, water, fiber and wood products, fish
and wildlife habitat, biodiversity, recreational
opportunities, spiritual renewal, and carbon
storage) to people in the United States and
globally. Public forests are mostly managed

for non-timber resources or for multiple

uses; private lands owned by corporations

are mostly managed for timber production,
whereas private lands owned by individuals are
typically managed for multiple uses. To date,
assessments of climate change vulnerability
and development of adaptation options in the
western United States have occurred mostly
on public lands, whereas assessment and
adaptation planning and implementation in the
eastern United States span public and private
lands, with documented examples of adapta-
tion on most ownership types.** The ability
of U.S. forests to continue to provide goods
and services is threatened by climate and
environmental change and associated increases
in extreme weather events and disturbances
(for example, drought, wildfire, and insect
outbreaks; Figure 6.1), which can pose risks

to forest health (that is, the extent to which
ecosystem processes are functioning within

U.S. Global Change Research Program
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their natural range of historic variation)? and
conditions across large landscapes for years
to centuries.!

The effects of climate change on forests in
specific regions are discussed in many of the
regional chapters (for example, Ch. 18: North-
east, KM 1 and 2; Ch. 19: Southeast, KM 3 and

4: Ch. 21: Midwest, KM 2; Ch. 24: Northwest,
KM 1; Ch. 25: Southwest, KM 2; Ch. 27: Hawai'‘i
& Pacific Islands, KM 2 and 5). Rapid changes
have been driven by severe drought in combi-
nation with insect outbreaks, which have killed
more than 300 million trees in Texas in 2011*
and more than 129 million trees in California
from 2010 to 2017.2> Also, mountain pine beetles
have caused tree mortality across more than 25
million acres in the western United States since
2010, representing almost half of the total area
impacted by all bark beetles combined in that
region. Recent warming has allowed mountain
pine beetles to erupt at elevations and latitudes
where winters historically were cold enough

to keep them in check.***** Wildfire burned at
least 3.7 million acres nationwide in 14 of the 17
years from 2000 to 2016—an area larger than
the entire state of Connecticut—including a
record 10.2 million acres in 2015 (an area great-
er than Maryland and Delaware combined).
Over this same time span, annual federal
wildfire suppression expenditures ranged from
$809 million to $2.1 billion (Figure 6.4).

Recent insect-caused mortality appears to be

far outside what has been documented since
Euro-American settlement® and is likely related

to climate change. It is unclear if the apparent cli-
mate-related increase in area burned by wildfire
is outside the range of what has been observed
over centuries of fire occurrence.® Drought, heavy
rainfall, altered snowpack, and changing forest
conditions are increasing the risk of low summer
streamflow, winter flooding, and reduced water
quality, with potential negative impacts on aquatic
resources and human communities.** A changing

Fourth National Climate Assessment



climate and forest disturbances also interact with
chronic stressors (such as fungal pathogens and
nonnative species) to affect the scale and magni-
tude of forest responses to climate change.?>%

The ability of society in general and resource
managers in particular to adapt to climate change
will be determined primarily by socioeconomic
factors, technological developments, and orga-
nizational capacity (Ch. 28: Adaptation). Although
some general principles apply to adaptation
(defined here as adjustments in natural systems
in response to actual or expected climatic effects
that moderate harm or exploit benefits) across all
forests, it is biophysical variability, socioeconomic
conditions, and organizational objectives that
dictate local management approaches. A viable

6 | Forests

forest-based workforce in local communities
can facilitate timely actions that minimize the
negative effects of climate change, as long as

this workforce can support the objectives of
treatments aimed at building forest resilience
and provide a justification for treatments (for
example, prescribed fire—the purposeful ignition
of low-intensity fires in a controlled setting) that
help minimize potential economic loss. Reduction
in forestland associated with human land-use
decisions, especially conversion of forests to
nonforests on private lands, is a significant
impediment to providing desired ecosystem
services from forests. Hence, ensuring the con-
tinuing health of forest ecosystems and, where
desired and feasible, keeping forestland in forest
cover are key challenges for society.

Climate Change Effects on Ecosystem Services

CLIMATE CHANGE

Temperature,
precipitation, extreme weather

ENVIRONMENTAL CHANGES DISTURBANCES
Examples
) Examples wildfire, insect outbreaks,
drier, hotter, elevated CO, extreme drought, heavy
downpours
Forests
public  private
rural urban

SLOW CHANGE

Examples
small-scale forest mortality,
species changes, altered
streamflow

RAPID CHANGE

Examples
large-scale forest mortality,
landslides, extreme
low streamflow

EFFECTS ON
ECOSYSTEM SERVICES

Water quantity & quality,
carbon sequestration,
forest wood & fiber supply,
recreation, wildlife habitat

Figure 6.1: Many factors in the biophysical environment interact with climate change to influence forest productivity, structure,
and function, ultimately affecting the ecosystem services that forests provide to people in the United States and globally. Source:

U.S. Forest Service.

U.S. Global Change Research Program
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Regional Summary primary challenge to maintaining healthy, func-
tional forest ecosystems in a warmer climate;
Forests in the United States vary in their sus- however, forest disturbances resulting from
ceptibility to climate change due to differences =~ human activity can add to the effects of climate
in biophysical conditions and anticipated in some parts of the United States.?” Over the
changes in future climate (see regional chap- past decade, several large-scale disturbances
ters for specific discussions). For example, have killed hundreds of millions of trees at
eastern forests are largely expected to undergo  different locations in the United States. The
gradual change, punctuated by rapid changes two Case Studies in this chapter illustrate how
from small-scale disturbances.? Across disturbances can cause rapid changes in the
most U.S. forests, an increased frequency of ecology and structure of forests that can result
large-scale disturbances is expected to be the in significant social and economic effects.

Case Study: Large-Scale Tree Mortality in the Sierra Nevada

Five years of consecutive drought ended in California

in 2017, with 2015 being the hottest and driest year in
the historical record (since the late 1800s). The drought
weakened trees and enabled extensive bark beetle out-
breaks, which killed 40 million trees across 7.7 million
acres of Sierra Nevada forests through 2015. Annual tree
mortality increased by an order of magnitude to thou-
sands of dead trees per square mile during this period.?
The winters 2015-2016 and 2016-2017 brought sig-
nificant precipitation to much of California, but drought
stress remained high in many areas. An additional 62
million trees died in 2016, and 27 million trees died in Tree Mortality at Bass Lake Recreation Area
2017, bringing the total to at least 129 million trees since Figure 6.2: A five-year drought in California (2011-2016)
2010.22 Mortality was most severe at lower elevations, led to western pine beetle outbreaks, which contributed

to the mortality of 129 million trees. As a result, the
on southwest- and west-facing slopes, and in areas with  structure and function of these forests are changing
shallow soils.?® rapidly. Prolonged droughts are expected to become more
common as the climate continues to warm, increasing
stress on lower-elevation tree species. Photo credit: Marc
Meyer, U.S. Forest Service.

This level of tree mortality in the Sierra Nevada is un-
precedented in recorded history.*®3! In some of the most
heavily impacted areas, 70% of trees died in a single year (Figure 6.2). Much of this mortality was attributed to
the western pine beetle colonizing ponderosa pine, but other tree and shrub species were also affected. Some
forests once dominated by ponderosa pine are now dominated by incense cedar. This change in stand structure
and composition has increased the likelihood of high-intensity surface fires and large wildfires.®' In general,
widespread tree mortality can alter local hydrology (with more water availability but also higher peak flows) and
negatively affect ecosystem services (for example, decreased timber supply and decreased recreation opportu-
nities), effects that will persist for many years 323

U.S. Global Change Research Program 238 Fourth National Climate Assessment
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Case Study: Increased Wildfire Risk in the Southeastern United States

Southeastern landscapes are dominated by private lands and relatively high human populations, so changes in
social behavior (for example, human-caused fire ignitions), policy (for example, fire suppression), and climate
can affect wildfire activity.?” Modeling studies suggest that the southeastern United States will experience
increased fire risk and a longer fire season.?*% Although projections vary by state and ecoregion,® on average,
the annual area burned by lightning-ignited wildfire is expected to increase by at least 30% by 2060, whereas
human-ignited wildfire is expected to decrease slightly due to changes in factors driving human-ignited wild-
fire, including projected losses of forestland and increased efforts to suppress and prevent wildfires. Although
native vegetation is well-adapted to periodic wildfire, most people living near wildlands are not. More frequent
and larger wildfires, combined with increasing development at the wildland—urban interface (where people
live in and near forested areas), portend increasing risks to property and human life. For example, a prolonged
dry period in the southern Appalachian region in 2016 resulted in widespread wildfires that caused 15 deaths
and damaged or destroyed nearly 2,500 structures in Gatlinburg, Tennessee (Figure 6.3). In a warmer climate,
increased fire frequency will damage local economies and degrade air quality in the Southeast.

Fire Damage in Gatlinburg, Tennessee

Figure 6.3: In autumn 2016, a prolonged dry period and arson in the southern Appalachian region resulted in 50 major
wildfires that burned over 100,000 acres in 8 states, caused 15 deaths, and damaged or destroyed nearly 2,500 structures in
Gatlinburg, Tennessee. If drought or prolonged dry periods increase in this region as expected, fire risk will increase in both
forests and local communities. Photo credit: Flickr user highlander411 (CC BY 2.0).

U.S. Global Change Research Program 239 Fourth National Climate Assessment
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Key Message 1

Ecological Disturbances and

Forest Health

It is very likely that more frequent extreme
weather events will increase the frequency
and magnitude of severe ecological distur-
bances, driving rapid (months to years) and
often persistent changes in forest structure
and function across large landscapes. It is
also likely that other changes, resulting from
gradual climate change and less severe
disturbances, will alter forest productivity
and health and the distribution and abun-
dance of species at longer timescales (de-
cades to centuries).

Rapid Forest Change—Wildfire

Most fire-prone forests (forests that are likely
to burn at least once every few decades) have
the ability to persist as more fires occur, but

6 | Forests

the resilience of these ecosystems depends
on three factors: 1) continued presence of
fire-adapted species, 2) fire intensity (the
amount of heat energy released) and frequency
of future fires, and 3) societal responses to
increased fires. A century of fire exclusion in
fire-prone forest ecosystems in the United
States (especially lower-elevation ponderosa
pine forests and mixed conifer forests in dry
locations in the West) has created landscapes
of dense forests with high flammability and
heavy surface and canopy fuel loads (combus-
tible dead and live vegetation).”” Over the past
20 years, a warm, dry climate has increased
the area burned across the Nation.* Large,
intense wildfires in some locations® (Figure
6.4) have been difficult to suppress, increasing
risk to property and lives, including those of
firefighters.**# The cost of fire suppression
has also increased over time, partially driven
by the high cost of protecting property in the
wildland-urban interface.*43

Wildfires—Changes in Area Burned and Cost
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Figure 6.4: This figure shows the annual wildfire area burned in the United States (red) and the annual federal wildfire suppression
expenditures (black), scaled to constant 2016 U.S. dollars (Consumer Price Index deflated). Trends for both area burned and
wildfire suppression costs indicate about a fourfold increase over a 30-year period. Source: U.S. Forest Service.
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The duration of the season during which
wildfires occur has increased throughout the
western United States as a result of increased
temperatures** and earlier snowmelt.64’
Increased vapor pressure deficit (Ch. 21: Mid-
west, Figure 21.3)*® and reduced summer pre-
cipitation* have deepened summer droughts
in the West and thus increased wildfire risk.>
By the middle of this century, the annual

area burned in the western United States
could increase 2-6 times from the present,
depending on the geographic area, ecosystem,
and local climate.”*? An increase in the area
burned, however, does not necessarily trans-
late to negative impacts to ecosystems (Figure
6.5). As the spatial extent of wildfires increases,
previously burned areas will in some cases
provide fuel breaks that influence the pattern,
extent, and severity (the degree to which fire
causes vegetation damage and mortality) of
future fires.>® Future wildfire regimes will be
determined not only by climate but also by

6 | Forests

topography, fuel accumulation (as affected by
plant growth and frequency of disturbances),
and efforts to suppress and prevent fires.>

Wildfire risk can be reduced in low-elevation,
dry conifer forests in the West and conifer
forests in the South by reducing stand density
(thinning), using prescribed burning, and
letting some fires burn if they will not affect
people. Frequent prescribed burning in
fire-prone and fire-dependent (forests that
require fire to maintain structure and function)
southern forests has been a socially accepted
practice for decades, illustrating how wildfire
risk can be reduced. However, health risks
from smoke produced by prescribed burning
are a growing concern in the wildland-urban
interface (see Ch. 19: Southeast for additional
discussion about fire in the southeastern
United States and Ch. 13: Air Quality, KM 2 on
the effects of wildfires on health).>¢

Area Burned by Large Wildfires
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Figure 6.5: This figure illustrates the area burned by large wildfires (greater than 1,000 acres in the western United States and
greater than 500 acres in the eastern United States) for 1984—2014. Although the area with moderate-to-high burn severity
(amount of fire damage to the forest canopy) has increased in recent decades, it has not changed as a proportion of the total
area burned (severity does vary across regions). Increases in the areas of severely burned forests will have implications for
ecosystem processes, such as tree regeneration®-%5%° and ecosystem services, including timber production, water quality, and

recreation. Source: redrawn from EPA 2016.5°
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Rapid Forest Change—Insects and
Pathogens

Climate change is expected to increase the
effects of some insect species in U.S. for-
ests®f62 but reduce the effects of others.®

For example, drought increases populations of
some defoliating insect species® but decreases
populations of other defoliators.®® In some
cases, fire exclusion in fire-prone forests has
exacerbated the effects of insects by increasing
forest density, thus reducing tree vigor (the
capacity of a tree to resist stress) and resis-
tance to insect attack.® Higher damage from
native insects on trees with reduced vigor is
expected to be one of the biggest effects of a
warmer climate. Altered thermal conditions,
including varying temporal patterns, will
disrupt some insect life cycles, causing season-
al mismatches between insect species and tree
hosts in some systems.5¢

Over the past 30 years, tree mortality caused

by bark beetles in the western United States

has exceeded tree mortality caused by wildfire,?
raising concerns about the sustainability of some
western forests to provide ecological goods and
services over time.5"% Bark beetle epidemics in
forests with commercially valuable tree species
can negatively affect timber prices and the
economic well-being of forest landowners and
wood processors.® Many bark beetle outbreaks
have been associated with drought and elevated
temperature.”% Recently, western pine beetles
contributed to the mortality of 129 million trees
weakened by a period of severe drought in
California (see Case Study “Large-Scale Tree Mor-
tality”). The southern pine beetle is the only bark
beetle species in the eastern United States that
causes extensive tree mortality. Although little
evidence exists for drought-caused outbreaks of
this beetle,® a recent increase in its range into
the northeastern United States, facilitated by
increasing winter temperatures, now threatens
pine barrens in New York and Massachusetts.”

U.S. Global Change Research Program
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The northward expansion of the hemlock
woolly adelgid, a nonnative species that attacks
eastern hemlock, has been facilitated by higher
minimum winter temperatures.” Similarly, the
range of mountain pine beetles is expanding
with warming; new breeding populations

are now found in parts of the western plains
and in jack pine in boreal forests in Alberta,
Canada.**™™ Mountain pine beetle populations
are also expanding in high-elevation forests of
the western United States, affecting whitebark
pine and other high-elevation pine species.**
Whitebark pine serves as a keystone species
that quickly establishes after a disturbance

and provides critical food sources for birds
and mammals. Whitebark pine is expected to
suffer significant mortality in the future due to
the combined effects of white pine blister rust,
mountain pine beetles, and a warmer climate.™

Fungal pathogens, especially those that
depend on stressed plant hosts for coloni-
zation, are expected to perform better and
have greater effects on forests as a result of
climate change.®”7 For example, increasing
annual temperatures and precipitation in
portions of New England have provided ideal
conditions for outbreaks of leaf diseases in
eastern white pine,” whereas the effects of
some pathogens directly affected by climate
(such as needle blights) are typically reduced
in areas with decreased precipitation.” Timing
of pathogen life cycles relative to seasonal
changes in temperature and precipitation
will be critical in determining where and how
damage might change.

Insect and disease outbreaks often interact
with other disturbances, compounding their
potential effects on ecosystem services. For
example, in lodgepole pine forests attacked by
mountain pine beetles, the intensity of surface
and crown fires increases in stands impacted
by outbreaks, but typically for less than 10
years (e.g., Page and Jenkins 2007, Hicke et

Fourth National Climate Assessment



al. 2012, Jenkins et al. 20147879%%)_ Beetles have
minimal effects on fire severity in some loca-
tions due to variability in topography, fuels, and
fire weather.®' A recent study in California in
areas heavily affected by drought and western
pine beetles (see Case Study “Large-Scale Tree
Mortality”) reported a greater potential for
large-scale wildfires driven by the amount and
continuity of combustible woody material from
dying trees.*

Long-Term Forest Change

Forests that frequently run out of water
stored in the soil during the growing season
are considered water limited, whereas forests
where the growing season length or produc-
tivity rate is limited by snowpack and cool
temperatures are considered energy limited.
A warmer climate will generally decrease tree
growth in water-limited forests (many semiarid
and low-elevation forests in the western Unit-
ed States) but may increase growth in some
energy-limited forests (the majority of forests
in the eastern United States and coastal Alaska
and high-mountain forests with short growing
seasons).5¥ Experimental evidence shows that
elevated atmospheric carbon dioxide (CO,)
can increase tree growth (especially where

soil nutrients are adequate), but it is uncertain
whether this increase will occur in mature
forests or will continue as younger forests
age.® Positive effects of CO, on growth will be
negated in some species and locations (such
as near urban areas) by air pollutants such as
ground-level ozone (not the protective layer of
ozone high in the atmosphere), where concen-
trations of those pollutants are high enough

to cause toxic effects in plants.®* Drought and
extreme temperatures can cause heat-

related stress in vegetation, in turn reducing
forest productivity and reducing tree vigor.”®
Although the effects are complex and variable
among forests, warming and elevated CO, can
also impact below-ground processes, such as

U.S. Global Change Research Program
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nitrogen and carbon cycling,® with feedbacks
that may impact forest productivity.®

The direct effects of climate change on tree
mortality and forest health will likely be
obscured by the slow response times of long-
lived tree species.?” In some cases, climate-
related stresses weaken trees, predisposing
them to additional stresses.® Variability in the
drought response of tree species (for example,
due to differences in hydraulic characteristics)
is expected to influence how some forests
deal with water stress.?® A lagged response and
variability among species can make it difficult
to attribute growth reductions to episodic
drought, and growth reductions can persist
for years.”*! For species in which seed crops
depend on resources stored over several
growing seasons, reproductive responses are
likely to lag behind climatic variation.*

The rate of climate warming will influence the
rate and magnitude of potential changes in
forest heal