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ABSTRACT

The forests in the Central Hardwoods Region will be affected directly and indirectly by a changing
climate over the next 100 years. This assessment evaluates the vulnerability of terrestrial
ecosystems in the Central Hardwoods Region of lllinois, Indiana, and Missouri to a range of
future climates. We synthesized and summarized information on the contemporary landscape,
provided information on past climate trends, and illustrated a range of projected future climates.
This information was used to parameterize and contextualize multiple vegetation impact models,
which provided a range of potential vegetative responses to climate. Finally, we brought these
results before a multidisciplinary panel of scientists and land managers to assess ecosystems
through a formal consensus-based expert elicitation process. The summary of the contemporary
landscape identifies major stressors currently threatening forests and other terrestrial ecosystems
in the region. Major current threats to forests in the area include invasive species, habitat
fragmentation, oak decline, and a decrease in fire in fire-adapted systems.

Observed trends in climate over the historical record reveal that precipitation increased in

the area, and that daily maximum temperatures decreased while minimum temperatures
increased. Climate trends projected for the next 100 years by using downscaled global climate
model data indicate a potential increase in mean annual temperature of 2 to 7 °F for this region.
Projections for precipitation show an increase in winter and spring precipitation; summer and
fall precipitation projections differ by model. We identified potential impacts on forests by
incorporating these climate projections into three forest impact models (Tree Atlas, LINKAGES,
and LANDIS PRO). Model projections suggest that northern mesic species such as sugar maple,
American beech, and white ash may fare worse under future compared to current climate
conditions, but other species such as post oak and shortleaf and loblolly pine may benefit from
projected changes in climate. Changes in northern red, scarlet, and black oak differ by climate
model.

We assessed ecosystem vulnerability for nine natural community types in the region by using
these model results along with projected changes in other factors such as wildfire, invasive
species, and diseases. The basic assessment was conducted through a formal elicitation process
of 20 science and management experts from across the region, who considered vulnerability in
terms of potential impacts on a system and the adaptive capacity of the system. Mesic upland
forests were determined to be the most vulnerable, whereas many systems adapted to fire and
drought, such as open woodlands, savannas, and glades, were perceived as less vulnerable to
projected changes in climate. These projected changes in climate and the associated impacts and
vulnerabilities will have important implications for economically important timber species, forest-
dependent wildlife and plants, recreation, and long-range planning.
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PREFACE

This assessment is a fundamental component

of the Central Hardwoods Climate Change
Response Framework project. The Framework is

a collaborative, cross-boundary approach among
scientists, managers, and landowners to incorporate
climate change considerations into natural resource
management. Three ecoregional Framework
projects are underway, covering 132 million acres
in the northeastern quarter of the United States:
Northwoods, Central Appalachians, and Central
Hardwoods. Each regional project interweaves four
components: science and management partnerships,
vulnerability assessments, adaptation resources, and
demonstration projects.

We designed this assessment to be a synthesis of the
best available scientific information. Its primary goal
is to inform those who work, study, recreate, and
care about the ecosystems in the Central Hardwoods
Region. As new scientific information arises, we
will develop future versions to reflect that acquired
knowledge and understanding. Most important, this
assessment does not make recommendations about
how this information should be used.

The scope of the assessment is terrestrial
ecosystems, with a particular focus on tree species.
Model projections in the region to date have focused
primarily on the direct impacts of temperature and
precipitation on tree species. We anticipate future
modeling will incorporate the interactions between
these direct impacts and disturbances such as insect
outbreaks, invasive species, and wildfire. Climate
change will also have impacts on aquatic systems,
wildlife, and human systems, but addressing

these issues in depth is beyond the scope of this
assessment.

The large list of authors reflects the highly
collaborative nature of this assessment. Leslie
Brandt served as the primary writer and editor

of the assessment. Hong He, Louis Iverson, and
Frank Thompson led the forest impact modeling

and contributed writing and expertise to much of
the assessment. Patricia Butler, Maria Janowiak,
Stephen Handler, P. Danielle Shannon, and Chris
Swanston provided significant investment into the
generation and coordination of content, data analysis
and interpretation, and coordination among other
Climate Change Response Framework assessments.
Matthew Albrecht, Richard Blume-Weaver, Paul
Deizman, John DePuy, William D. Dijak, Gary
Dinkel, Songlin Fei, D. Todd Jones-Farrand, Michael
Leahy, Stephen N. Matthews, Paul Nelson, Brad
Oberle, Judi Perez, Matthew Peters, Anantha Prasad,
Jeffrey E. Schneiderman, John Shuey, Adam B.
Smith, Charles Studyvin, John M. Tirpak, Jeffery W.
Walk, Wen J. Wang, Laura Watts, Dale Weigel, and
Steve Westin provided significant input to specific
chapters.

In addition to the authors listed, a number of people
made valuable contributions to the assessment.
John Taft (Illinois Natural History Survey)
provided a crosswalk to Illinois and Indiana natural
communities for Appendix 1. Beth Middleton (U.S.
Geological Survey) and Susan Romano (Western
Illinois University) provided input to sections

on baldcypress swamps and bottomland forests

for Chapters 1 and 5. Jenny Juzwik (U.S. Forest
Service, Northern Research Station) provided
valuable insights to the sections on insects and
disease in Chapters 1 and 5 and in the appendixes.
Keith Cherkauer (Purdue University) provided
hydrologic data for Chapter 4. Theresa Davidson,



Nancy Feakes, Keri Hicks, and Bennie Terrell (Mark
Twain National Forest); Charles Sams (U.S. Forest
Service, Eastern and Southern Regions); Jan Schultz
and Linda Schmidt (U.S. Forest Service, Eastern
Region); and Nick Kuhn (Missouri Department

of Conservation) provided input to sections in
Chapter 7.

We would especially like to thank David Diamond
(University of Missouri), Steve Shifley (U.S.

Forest Service, Northern Research Station), and
Mike Jenkins (Purdue University), who provided
formal technical reviews of the assessment. Their
thorough review greatly improved the quality of this
assessment.
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EXECUTIVE SUMMARY

This assessment evaluates key ecosystem
vulnerabilities to a range of future climate scenarios
across the Central Hardwoods Region of Missouri,
[linois, and Indiana (Fig. 1). This assessment is part
of the Central Hardwoods Climate Change Response
Framework project, a collaborative approach

among researchers, managers, and landowners to
incorporate climate change considerations into forest
management.

The assessment summarizes current conditions and
key stressors and identifies past and projected trends
in climate. This information is then incorporated
into model projections of future forest change.
These projections, along with local knowledge and
expertise, are used to identify what factors contribute
to the vulnerability of forests across the Central
Hardwoods Region and what forest community
types may be more vulnerable than others over

the next 100 years. A final chapter summarizes the
implications of these impacts and vulnerabilities for
forest management across the region.

Figure 1.—Assessment area (in color).

CHAPTER 1: THE CONTEMPORARY
LANDSCAPE

Summary

This chapter describes the forests and related
ecosystems across the Central Hardwoods landscape
and summarizes current threats and management
trends. This information lays the foundation for
understanding how shifts in climate may contribute
to changes in Central Hardwoods ecosystems, and
how climate may interact with other stressors on the
landscape.

Main Points

e Forty percent of the area is forested, of which
about 80 percent is privately owned.

e Current major stressors and threats to forest
ecosystems in the region include:

= Fragmentation and loss of forest cover

= Loss of historical fire regime in fire-adapted
systems

= Nonnative species invasion

= Insects and disease

= Loss of soil

= QOvergrazing and overbrowsing

= Extreme weather events

= Reduced diversity of species and age classes

= Lack of management on private lands

e Management practices over the past several
decades have increasingly emphasized restoring
fire-adapted ecosystems while providing
sustainable forest products.
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CHAPTER 2: CLIMATE CHANGE
SCIENCE AND MODELING

Summary

This chapter provides a brief background on climate
change science, models that simulate future climate,
and models that project the effects of changes in
climate on species and ecosystems.

Main Points

e Temperatures have been increasing at a global
scale and across the United States over the past
century.

e More than 95 percent of climate scientists
attribute this increase in temperature to human
activities.

e Major contributors to warming are greenhouse
gases from fossil fuel burning, agriculture, and
changes in land use.

CHAPTER 3: PAST CLIMATE
CHANGES AND CURRENT TRENDS

Summary

This chapter summarizes our current understanding
of past changes in climate in the Central Hardwoods
Region, with a focus on the last century. It also
highlights emerging climate trends.

Main Points

e Minimum temperatures increased by 1 to 2 °F,
and maximum temperatures decreased by a
similar amount since the turn of the last century.

e The region is receiving 12 to 17 percent more
precipitation, particularly in the spring and fall
since the turn of the last century.

e More rain has been falling as heavy precipitation
events of 3 inches or greater over the past 30
years.

» ‘\/
r e ’ £ it

Bloodroot in bloom on the Hoosier National Forest in spring.
Photo by Teena Ligman, Hoosier National Forest.

e A decrease in snow cover has led to an increase in
soil frost across the area since the 1970s.

e There are no clear trends in severe weather such
as tornadoes, derechos, and thunderstorms.

CHAPTER 4: PROJECTED CHANGES
IN CLIMATE AND OTHER PHYSICAL
PROCESSES

Summary

This chapter examines how climate may change
over the next century using two models representing
a range of possible futures that are downscaled to
be relevant to land management decisions. In some
cases, these downscaled data are then incorporated
into hydrologic models to better understand

impacts on such variables as soil moisture,
evapotranspiration, and streamflow.
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Main Points

e Model projections suggest an increase in
temperature over the next century across all
seasons by 2 to 7 °F.

e Precipitation is projected to increase in winter
and spring by 2 to 5 inches for the two seasons
combined.

e The climate models examined disagree about
how precipitation may change in summer, with
one projecting an increase of up to 3 inches
in summer and the other a decrease of up to
8 inches.

e Little information is currently available regarding
how extreme weather events such as tornadoes
and thunderstorms may change.

e Hydrologic model projections indicate that soil
moisture, runoff, and streamflow may increase
during the spring as precipitation increases.

e Model projections suggest that snow cover and
duration will continue to decrease over the next
century.

CHAPTER 5: FUTURE CLIMATE
CHANGE IMPACTS ON FORESTS

Summary

This chapter summarizes the potential impacts of
climate change on forests in the Central Hardwoods
Region over the next century, with an emphasis on
changes in tree species distribution and abundance
using three different impact models.

Main Points

e All three models project habitat suitability for
sugar maple will decline over the next century
across the region.

e Models also project that habitat suitability for
shortleaf pine will increase, along with post and
blackjack oak.

e Model projections for northern red, scarlet, and
black oak vary by impact model and climate
scenario across much of the region.

e Changes in climate are not projected to have a
dramatic effect on many common species in the
region, including eastern redcedar and white oak.

e The modeled projections of tree species do not
account for many other physical and biological
factors that may change under a changing
climate. Other factors include:

= Drought stress

= Changes in hydrology and flood regime

= Soil erosion

=  Wildfire frequency and severity

= Increased carbon dioxide

= Altered nutrient cycling

= Changes in invasive species, pests, and
pathogens

= Changes in herbivory

CHAPTER 6: ECOSYSTEM
VULNERABILITIES

Summary

This chapter focuses on the collective vulnerability
of natural communities in the Central Hardwoods
Region to climate change over the next 100 years,
focusing on shifts in dominant species, system
drivers, and stressors. The adaptive capacity of
systems within the Central Hardwoods Region
was also examined as a key component to overall
vulnerability to climate change. Finally, relative
vulnerability of nine major forest community types
in the region was assessed (Table 1).
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Table 1.—Vulnerability determinations by natural community type.

Community Type Vulnerability Evidence Agreement
Dry-mesic upland forest Low-Moderate Medium Medium-High
Mesic upland forest High Medium Medium-High
Mesic bottomland forest Moderate Limited -Medium Medium
Wet bottomland forest Moderate- High Limited-Medium Medium
Flatwoods Low-Moderate Limited-Medium Medium
Closed woodland Low Limited Medium
Open woodland Low Limited-Medium Medium
Barrens and savannas Low Medium Medium-High
Glade Low-Moderate Medium Medium-High

Vulnerability of the Region

Potential Impacts on Drivers and Stressors:

Temperatures will increase (robust evidence,
high agreement). All global climate models
project that temperatures will increase due to a
rise in greenhouse gas concentrations both locally
and globally.

Growing seasons will lengthen (medium
evidence, high agreement). There is a strong
agreement among information that an increase
in temperature will lead to longer growing
seasons, but few studies have specifically
examined projected growing season length

in the assessment area.

The nature and timing of precipitation will
change (robust evidence, high agreement). A
large number of global climate models agree that
precipitation patterns will change at both local
and global scales.

An increase in heavy precipitation events
(medium evidence, medium agreement) may
result in flood risks (limited evidence, medium
agreement) and soil erosion (limited evidence,
medium agreement). There is disagreement
among models about whether heavy precipitation
events will continue to increase in the assessment
area. If they do increase, it is expected that
flooding and soil erosion will increase as well,
but these effects have not been modeled for this
region.

e Snow will decrease, with subsequent decreases

in soil frost (high evidence, high agreement).

Evidence suggests that winter temperatures will
increase in the area, even under low emissions,

leading to changes in snow and soil frost.

Soil moisture patterns will change (medium
evidence, high agreement), with drier soil
conditions later in the growing season
(medium evidence, low agreement).

Some studies show that climate change will
have impacts on soil moisture, but there is
disagreement among climate and impact models
on how soil moisture will change during the
growing season.

Droughts will increase in duration and area
(medium evidence, low agreement). A study
using multiple climate models suggests that
drought may increase in extent and area, but
another suggests a decrease in drought.

Climate conditions will increase fire risks by
the end of the century (medium evidence, high
agreement). National and global studies agree
that wildfire risk will increase in the area, but few
studies have specifically looked at the Central
Hardwoods Region.

Many invasive species, insect pests, and
pathogens will increase or become more severe
(medium evidence, high agreement). Evidence
suggests that an increase in temperature and
greater ecosystem stress will lead to increases in
these threats, but research to date has examined
few species.
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Potential Impacts on Ecosystems

e Suitable habitat for northern species will
decline (medium evidence, high agreement).
All three impact models project a decrease in
suitability for northern species such as sugar
maple, American beech, and white ash.

e Habitat will become more suitable for
southern species (medium evidence, high
agreement). All three forest impact models
project an increase in suitability for southern
species such as shortleaf pine.

e Communities will shift across the landscape
(low evidence, high agreement). Although
few models have examined community shifts
specifically, model results from individual species
and ecological principles suggest communities
may also shift.

e Increased fire frequency and harvesting may
accelerate shifts in forest composition across
the landscape (medium evidence, medium
agreement). Studies from other regions (e.g.,
northern hardwoods and boreal forests) show
that increased fire frequency can accelerate the
decline of species negatively affected by climate
warming and accelerate the northward migration
of southern tree species.

e A major transition in forest composition is
not expected to occur in the coming decades
(medium evidence, medium agreement).
Although some models indicate major changes in
habitat suitability, results from spatially dynamic
forest landscape models indicate that a major
shift in forest composition across the landscape
may take 100 years or more in the absence of
major disturbances.

o Little net change in forest productivity is
expected (medium evidence, low agreement).
Although a number of studies have examined the
impact of climate change on forest productivity,
they disagree on how multiple factors may
interact to influence it.

Adaptive Capacity Factors

o Low diversity systems are at greater risk
(medium evidence. high agreement). Studies in
other areas have consistently shown that diverse
systems are more resilient to disturbance, but
studies examining this relationship have not been
conducted in the assessment area.

e Species in fragmented systems will have a
reduced ability to expand into new areas
(limited evidence, high agreement). Evidence
suggests that species may not be able to disperse
the distances required to keep up with climate
change, but little research has been done in the
region on this topic.

e Fire-adapted systems will be more resilient
to climate change (high evidence, medium
agreement). Studies have shown that fire-
adapted systems are better able to recover after
disturbances and can promote many of the species
that are projected to do well under a changing
climate.

e Systems that are highly limited by hydrologic
regime or geologic features may be constrained
(limited evidence, medium agreement).

Our current understanding of the ecology of
Central Hardwoods systems suggests that some
rare communities will be too topographically
constrained to migrate to new areas.

CHAPTER 7: MANAGEMENT
IMPLICATIONS

Summary

This chapter summarizes climate change impacts
on decisionmaking and management for public and
private lands across the Central Hardwoods Region.
These impacts will vary by ecosystem, ownership,
and management objective. This chapter does not
make recommendations as to how management
should be adjusted to deal with these impacts.



Main Points e The seasonal timing of management activities

. such as prescribed burns or recreation activities
e Plants, animals, and people that depend on forests .
i such as waterfow] hunting may need to be altered
may face additional challenges as temperatures .
. C . as temperatures and precipitation patterns change.
increase and precipitation patterns shift.

o . e Confronting the challenge of climate change
e Greater financial investments may be required ..
o - presents opportunities for managers and other
to maintain healthy forests and resilient .. .
decisionmakers to plan ahead, foster resilient

infrastructure and to prepare for severe weather
prep landscapes, and ensure that the benefits that

events.

forests provide are sustained into the future.
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Open woodland. Photo by Paul Nelson, Mark Twain National Forest.



INTRODUCTION

CONTEXT

This assessment is part of a regional effort across
the Central Hardwoods Region of Illinois, Indiana,
and Missouri called the Central Hardwoods Climate
Change Response Framework (Framework; www.
forestadaptation.org). The Framework project was
initiated in 2011, and is one of three ecoregional
projects in the Midwest, Mid-Atlantic, and
Northeast. These projects build off the lessons
learned from a pilot project in northern Wisconsin,
initiated in 2009, which has since expanded into the
Northwoods project. The overarching goal of all
three Framework projects is to incorporate climate
change considerations into forest management.

To meet the challenges brought about by climate
change, a team of federal and state land management
agencies, universities, conservation organizations,
and others have come together to accomplish three
objectives:

e Provide a forum to share the experiences and
lessons learned of managers and scientists
regarding forest management and climate change
in the Central Hardwoods Region of Missouri,
Illinois, and Indiana.

e Develop new user-friendly tools that can help
public and private land managers include climate
change considerations in decisionmaking,
including a forest ecosystem vulnerability
assessment and a forest adaptation resources
document.

e Support efforts by public land managers, private
landowners, and conservation organizations to
put these new tools to work on the ground across
the Central Hardwoods Region.

The Framework is designed to work at multiple
scales. The Central Hardwoods Framework is
coordinated across the region, but activities are
generally conducted at the state level to allow

for greater specificity. The assessment is written
to encompass three states within the Central
Hardwoods Region, but information is provided at
the level of individual states whenever possible.

The Central Hardwoods Climate Change Response
Framework has been supported in large part by the
U.S. Department of Agriculture (USDA), Forest
Service, but is guided by the greater community of
the Central Hardwoods Region to serve the needs
of multiple end-users. Current partners in the effort
include:

Northern Institute of Applied Climate Science
e U.S. Forest Service, Eastern Region
e U.S. Forest Service, Northern Research Station

e U.S. Forest Service, Northeastern Area (State &
Private Forestry)

e [llinois Department of Natural Resources
e Missouri Department of Conservation

e The Nature Conservancy

e The Central Hardwoods Joint Venture

e The Gulf Coastal Plains and Ozarks Landscape
Conservation Cooperative

e Missouri Botanical Garden
e Purdue University

e University of Missouri

The assessment bears some similarity to other
synthesis documents about climate change science,
such as the National Climate Assessment (draft
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report at http://ncadac.globalchange.gov/) and the
Intergovernmental Panel on Climate Change (IPCC)
reports (e.g., IPCC 2007). Where appropriate,

we refer to these larger-scale documents when
discussing national and global-scale changes.
However, this assessment differs from these reports
in a number of ways. This assessment was neither
commissioned by any federal government agency
nor does it give advice or recommendations to

any federal government agency. It also does not
evaluate policy options or provide input into federal
priorities. Instead, this report was developed by the
authors to fulfill a joint need of understanding local
impacts of climate change on forests and assessing
which tree species and forest communities may

be the most vulnerable in the Central Hardwoods
Region. Although it was written to be a resource for
forest managers, it is first and foremost a scientific
document that represents the views of the authors.

SCOPE AND GOALS

The primary goal of this assessment is to summarize
potential changes to terrestrial ecosystems in

the Central Hardwoods Region under a range of
future climates, and determine the vulnerability of
terrestrial natural communities to those changes over
the next 100 years. The assessment also includes a
synthesis of information about the current landscape
as well as projections of climate and vegetation
changes used to assess these vulnerabilities.
Uncertainties and gaps in understanding are
discussed throughout the document. This assessment
covers 42 million acres throughout the Missouri
Ozarks and the southern portions of Illinois and
Indiana (Fig. 2). The assessment area boundaries are
defined by a combination of state boundaries and the
boundaries of the Central Interior Broadleaf Forest
Province, with a small portion of one section in the
Coastal Plains-Loess Section (McNab et al. 2007).
In addition to these ecological boundaries, we used
state-level and county-level data when ecoregional
information was not available.

Figure 2.—Assessment area and counties used to approximate
the ecoregional boundaries when county-level data were
required.

This assessment area covers more than 68 percent
of the forested area within Illinois, Indiana, and
Missouri (U.S. Forest Service 2011a). Within this
landscape, about 80 percent of the forested land

is privately owned (U.S. Forest Service 2011a).
The remainder is divided among the U.S. Forest
Service (12 percent), state agencies (5 percent), and
other federal agencies (3 percent). Supplementary
information specific to these landowners was

used when available and relevant to the broader
landscape. This assessment synthesizes information
covering all of the Central Hardwoods Region,
recognizing the broad diversity of ownerships and
forest communities that encompass the area.

ASSESSMENT CHAPTERS

This assessment comprises the following chapters:

Chapter 1: The Contemporary Landscape
describes existing conditions, providing background
on the physical environment, ecological character,
and broad socioeconomic dimensions of the Central
Hardwoods Region.
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Chapter 2: Climate Change Science and
Modeling contains background information on
climate change science, projection models, and
impact models. It also describes the techniques used
in developing climate projections to provide context
for the model results presented in later chapters.

Chapter 3: Past Climate Changes and Current
Trends provides information on the past and
current climate of the Central Hardwoods Region,
summarized from The Nature Conservancy’s
interactive ClimateWizard database and published
literature. This chapter also summarizes some
relevant ecological indicators of observed climate
change.

Chapter 4: Projected Changes in Climate and
other Physical Processes presents downscaled
climate change projections for the assessment area,
including future temperature and precipitation data.
It also includes summaries of other climate-related
trends that have been projected for Illinois, Indiana,
and Missouri, and the Midwest.

Chapter 5: Future Climate Change Impacts on
Forests summarizes model projections of forest
change that were prepared for this assessment.
Different modeling approaches were used to
model climate change impacts on forests: a species
distribution model (Climate Change Tree Atlas), a
forest simulation model (LANDIS PRO), and an
ecosystem model (LINKAGES). This chapter also
includes a review of literature about other climate-
related impacts on forests.

Chapter 6: Ecosystem Vulnerabilities synthesizes
the potential effects of climate change on forested
and other terrestrial communities in the Central
Hardwoods Region and provides detailed
vulnerability determinations for nine terrestrial
natural communities common to the region.

Chapter 7: Management Implications addresses
some of the implications of a changing climate

for major components of the forest sector within
the Central Hardwoods Region, including forest
products, recreation, cultural resources, and forest-
dependent wildlife.

e

Missouri Ozarks in fall. Photo by Steve Shifley, U.S. Forest

Service.
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The Central Hardwoods Region represents a

mosaic of forests, woodlands, savannas, and other
ecosystems dominated by oak, hickory, and other
hardwood species (for common and scientific names
of species, see Appendix 1). This landscape sustains
the people of the region by providing economically
important forest products, outdoor recreation
opportunities, and other benefits. Here we describe
the forests and related ecosystems across the Central
Hardwoods landscape and summarize current threats
and management trends. This information lays the
foundation for understanding how shifts in climate
may contribute to changes in Central Hardwoods
ecosystems, and how climate may interact with other
stressors on the landscape.

LANDSCAPE SETTING

This assessment covers the part of Ecological
Province 223 (Central Interior Broadleaf Forest;
McNab et al. 2007) that falls within five sections

in Missouri, Illinois, and Indiana (Fig. 3). The
assessment also covers one section (Coastal Plains-
Loess) in Ecological Province 231 (Southeastern
Mixed Forest). Sections are based on differences

in geologic parent material, elevation, plant
distribution, and regional climate within the U.S.
Forest Service National Hierarchical Framework of
Ecological Units (McNab and Avers 1994, McNab et
al. 2007). The area covers three national forests and
many other federal, state, and private lands. Below,
we summarize the major physical and biological
features of the assessment area. Additional
descriptions of the landscape setting can be found
in the resources listed in Box 1.
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Physical Environment
Climate

The current climate of the Central Hardwoods
Region of Illinois, Indiana, and Missouri is generally
characterized as a humid continental climate, with
cool winters and long, hot summers. Due to a
general lack of influence by topography or large
bodies of water, the region is influenced by large air
masses from the Arctic in the winter and the Gulf of
Mexico in the summer. Average annual temperatures
follow an east-west gradient, and range from 54.4 °F
(12.3 °C) in Indiana to 55.6 °F (13.1 °C) in Missouri
(see Chapter 3). Annual average precipitation ranges
from 44.9 inches in Indiana to 42.9 inches in Illinois,
with Missouri being in between the two (43.9 inches;
see Chapter 3).

Conditions are distinct between winter and summer,
and extreme weather events occur throughout the
year. Precipitation often falls as snow between
December and February. Summers are hot,
averaging 75.6 °F (24.2 °C) in the Missouri and
[llinois portions of the assessment area, and 73.8 °F
(23.2 °C) in the Indiana portion of the assessment
area (see Chapter 3). Extreme weather events in
the area include high-intensity rains, long drought
periods, heat waves and cold waves, ice storms,
windstorms, and tornadoes. Missouri is ranked

9th, Illinois is ranked 8th, and Indiana is ranked
21st among states for the number of tornadoes
experienced annually from 1981 to 2010 (National
Weather Service, Storm Prediction Center 2012). A
more detailed description of past and contemporary
climate of the region can be found in Chapter 3.
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Figure 3.—Assessment area. The assessment area covers portions of five sections of the Central Interior Broadleaf Forest Province
(223) and one section of the Southeastern Mixed Forest Province (231) within Missouri, lllinois, and Indiana. Dashed areas represent
purchase area boundaries of national forests within the assessment area.

Geology and Landform

Missouri

The Ozark Highlands of southern Missouri are a low
structural dome, with the dome center consisting

of the oldest (1.5 billion years) igneous rock in the
St. Francois Mountains (Nigh and Schroeder 2002).
Precambrian volcanic rocks are exposed across
700-foot-high igneous dome mountains within the
St. Francois Mountains. Cambrian sandstone and
dolomite, and Ordovician dolomite, sandstone, and
limestone stretch out several hundred miles from the
dome center (Fig. 4). Farther out from the structural
center of the Ozark Highlands are Mississippian
limestone formations, which almost completely
encircle the dome. This outer formation forms the
boundary of the Ozark Highlands.

A quarter billion years of geologic erosion, wind
transport, and subterranean karst (see Box 2)
dissolution has created a diversity of landforms that
vary in degree of relief, dissection, and geologic
parent materials. None of the four major continental
glaciation events of the past 2 million years extended
into the Ozarks.

lllinois

Southern Illinois encompasses parts of the Ozark
Highlands, Central Till Plains—Oak Hickory,
Shawnee Hills, and Coastal Plains Sections. The
[llinois portion of the Ozark Highlands Section is
primarily composed of rolling hills with Devonian
and Silurian limestone bedrock. One exception is the
Mississippi River Floodplain, which is characterized

11
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Lithology
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Figure 4.—Predominant bedrock types found across the assessment area (Gray et al. 1987, Missouri Department of Natural
Resources 2005, U.S. Geological Survey 2013).
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Box 2: Karst Topography

The assessment area is known for its karst The Missouri Ozark Highlands contain the
topography. Karst landscapes occur where the assessment area’s largest karst regions. Five distinct
topography and its distinctive features are formed by karst regions occur in the Ozarks, each physically
the dissolution of soluble rock, especially dolomite distinct and harboring its own endemic subterranean
and limestone (Fig. 5). The resulting surface features aquatic and terrestrial species (Culver et al. 2003).
include subterranean drainages, caves, sinkholes, Karst features are also found in southern Illinois and
springs, disappearing streams, dry valleys and Indiana, primarily in the Mitchell Plateau, Crawford
hollows, natural bridges, arches, and other related Escarpment, and Crawford Uplands Subsections,
features (Rea 1992). Sinkholes are karst features that where the Hoosier National Forest is located
develop as a result of a collapse of surface material (McCreedy et al. 2004).

into nearby cavities (usually caves). Coldwater

springs are characterized by a continuous flow of Caves provide habitat to rare and endangered
mineralized groundwater when surface precipitation species in the assessment area. More than 600
percolates through fractures in bedrock including caves are recorded on the Mark Twain National
sinkholes, losing streams, caves, and bedrock Forest (about 10 percent of 6,400 known Missouri
aquifers. caves). More than 190 caves have been identified

on the Hoosier National Forest, with 50 designated
as nationally significant by the Eastern Regional
Forester. The Shawnee National Forest has identified
15 caves (McCreedy et al. 2004). Forty-six aquatic
and 31 terrestrial species that are dependent on
caves are recorded in Missouri’s caves and springs
(Culver et al. 2003). Most species of state or global
viability concern in the Indiana and lllinois portions
of the assessment area live in cave and karst
habitats (McCreedy et al. 2004). The Indiana bat is
probably the most well-known of these threatened
or endangered cave-dwelling organisms. Little is
known about the ecology and life history of many

of the cave-dwelling species in the assessment area,
making it difficult to determine whether they may be
Figure 5.—Karst topography. Diagram by Mark Raithel, affected by a changing climate.

Missouri Department of Conservation.

by low-lying areas of unconsolidated Tertiary and also contain exposed Mississippian limestone and
Quaternary alluvium (gravel, sand, silt, and clay) sandstone as well Pennsylvanian sandstone and
overlying bedrock (McNab and Avers 1994). shale.

The Central Till Plains—QOak Hickory Section is Sandstone bluffs, steep-sided ridges and hills,
largely covered by glacial till from the Illinoian gentler hills and broader valleys, karst terrain, gently

glacier, which ended 130,000 years ago (McNab and  rolling lowland plains, and bottomlands characterize
Avers 1994). The area was not covered by the most the Shawnee Hills Section (McNab and Avers
recent Wisconsin glaciation, but loess and slackwater 1994). Elevation ranges from 325 to 1,060 feet.

lake deposits from this glacier can be found in the About 50 percent of the underlying bedrock is

area (McNab and Avers 1994). Parts of the area Pennsylvanian sandstone, with minor amounts of

13
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siltstone, shale, and coal. Mississippian limestone
forms the bedrock along the southern border of the
Section in Illinois.

The Coastal Plain is composed primarily of marine
sediments from the Cenozoic era, with smaller
amounts of Mesozoic marine sediments (McNab and
Avers 1994). The area is flat, rarely exceeding relief
of greater than 100 feet.

Indiana

Much of the assessment area in southern Indiana
incorporates the Shawnee Hills and the Transition
Hills Sections with a small amount of the Bluegrass
Section. This area is derived primarily from
Pennsylvanian and Mississippian bedrock units.
Bedrock is exposed in the south-central part of
the state. The limestone plateau developed on
Mississippian limestone extends south to the Ohio
River. Layers of rock (limestone, sandstone, and
shale) more than 400 feet thick were built up by
ancient seas that once covered this area.

Two well-developed areas of karst topography occur
in the southern part of Indiana, the Mitchell Plateau
and the Muscatatuck Plateau (Hasenmueller et al.
2011). Erosion has worn away the upper layers in
the Mitchell Plateau, making karst features such

as sinkholes and disappearing streams common
elements across the landscape. West of the Mitchell
Plateau is the Crawford Upland. The Crawford
Upland retains the upper strata of shale and
sandstone over limestone. The area’s drainage is still
subterranean, and exhibits dry-beds, rises, sinking
streams, swallow holes, and other karst features.

The part of Indiana within the assessment area was
largely unglaciated by the most recent (Wisconsin)
glaciation. A substantial portion of the assessment
area was covered by older ice sheets, but the
boundaries of these glaciations are unclear due to
subsequent weathering (Gray 2009).

14

Soils

Missouri

Soils of the Ozark Highlands are moderately well
drained to well drained and have slow to moderate
permeability. Soils are generally old, shallow, stony,
highly weathered, and acidic, except on some broad
ridges and bottomlands (McNab and Avers 1994).
Some soils, particularly those on steeper ground,
have very gravelly or stony surfaces and more than
35 percent rock fragments by volume throughout
the profile.

Soils that have formed from local sandstone and
dolomite bedrock are very deep, well-drained
mineral soils. Alluvial soils, consisting mainly of
stratified silt, sand, and gravel, are usually found
on valley floor floodplains. These soils are usually
well drained, although valley bottoms and areas
with perched water tables can have areas of poor
drainage.

lllinois

Soils vary across southern Illinois, depending on
section and topography. The Ozark Highlands
soils are similar to those found in Missouri (old,
shallow, and highly weathered). In the Central
Till Plains Section, soils are developed from thin
loess and till. Upland soils are light colored and
strongly developed, with poor internal drainage
because of fragipan and claypan layers (McNab
and Avers 1994). Soils in the Shawnee Hills vary
from poorly drained on a few soils to well drained
on the majority of soils. Soils in the Coastal Plain
are generally deep and medium textured, and have
adequate moisture supply throughout the year
(McNab and Avers 1994).

Indiana

Weathered siltstone, fine-grained sandstone, shale,
and limestone bedrock, as well as alluvium along
streams, provide the parent materials for soils in the
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assessment area in southern Indiana. In the Shawnee
Hills Section of southern Indiana, loess covers some
of the material weathered from bedrock. Soils are
generally well drained to moderately well drained,
and many have silt loam or loam textures. On steep
slopes, soils are typically thin with gravelly or
channery (containing thin, flat fragments of rock)
textures. Subsoil permeability for upland soils is
generally slow to very slow, and floodplain soils
typically have slow to moderately slow permeability.
The soils occur on gently sloping to very steep
topography, often on narrow ridges bordered by
steep slopes and bedrock outcrops. Permeability on
ridge tops is generally slow to very slow.

The Transition Hills Section occurs as two main
bodies in southern Indiana. The eastern portion
is separated by deep stream valleys and is mostly
wooded hillside land with little suitable cropland.
The western portion of the Section has stony
hillside lands with rock outcrops, but more area
of productive land (Ponder 2004).

Bluegrass Section soils are fine textured and most
are deep (McNab and Avers 1994). The area features
wide alluvial and lacustrine plains bordering major
streams. Since glacial drift partially filled the
northern portion of the section, lowlands are not well
defined. Conversely, lowlands become more defined
in the southern portion. Topography in this Section is
relatively homogenous. Several prominent moraines
can be found, especially in the west-central part of
the state.

Hydrology

Missouri

The Missouri Ozark Highlands are deeply dissected
by thousands of miles of spring-fed streams and
rivers. For example, more than 350 miles of
floatable streams are found within the boundary of
the Mark Twain National Forest. Streams within
the Missouri Ozark Highlands tend to be in better

condition than those in the United States as a whole,
due to relatively high forest cover (U.S. Forest
Service 1999a).

The characteristics of spring flows and the quality
of their water chemistry in the Ozark Highlands are
primarily a function of the ability of the land surface
to capture rainwater. Prior to European settlement,
deep soils covered by deep-rooted, long-lived
perennial grasses and forbs beneath open oak and
pine woodlands captured precipitation. This water-
absorbing soil process moved water into the water
table, which likely buffered coldwater spring flows
and fed streams for longer time periods. Changes
in vegetation cover and soil erosion from past land
management practices have led to a reduction in
this important process, leading to effects on local
hydrology.

lllinois

Southern Illinois is flanked by the Wabash, Ohio,
and Mississippi Rivers and is populated with
many rivers and smaller perennial and ephemeral
streams. Riparian areas in the assessment area
include forested, agricultural, and other developed
lands (Whiles and Garvey 2004). A survey on the
Shawnee National Forest showed that streams that
drained primarily forested uplands were of higher
water quality and biological integrity than those
that drained primarily agricultural areas (Hite et al.
1990). Efforts have been made to increase water
quality in agricultural zones in the area through
the use of conservation easements, but benefits
thus far have been marginal due to insufficient
recovery time and lack of placement in the most
effective areas (Davie and Lant 1994, Lant 1991).
A 1999 assessment of water quality of watersheds
in southern Illinois using the U.S. Environmental
Protection Agency (EPA)’s Index of Watershed
Indicators found that most were considered of
poor quality due to high levels of nutrients and
contaminants (Whiles and Garvey 2004).
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Although there are no natural lakes in the Illinois
portion of the assessment area, thousands of lakes
and reservoirs have been created for water supply,
recreational, and flood control purposes (Whiles
and Garvey 2004). Despite the many benefits, these
reservoirs can upset natural stream flow and lead

to water loss from evaporation (Whiles and Garvey
2004).

The area has had a dramatic decline in wetlands,
which once were common. Illinois has lost more
than 70 percent of its natural wetlands, which have
been primarily drained for agricultural use (Whiles
and Garvey 2004). Wetland area has declined in
other states in the assessment area for the same
reason. Other estimates suggest Illinois, Indiana, and
Missouri lost more than 80 percent of their original
wetlands between 1780 and 1980 (Mitsch and
Gosselink 2007). This loss of wetlands can change
local hydrology by increasing susceptibility to floods
and loss of base flows.

Indiana

Similar to patterns in Illinois, past land management
practices and development have affected watersheds
across southern Indiana. The Ohio River makes up
Indiana’s southern boundary, and the Wabash River
marks the western boundary of the state within the
assessment area. Many larger watercourses traverse
southern Indiana. Tributaries of the White River, the
Little Blue River, and the Lost River flow through
the Hoosier National Forest. No natural lakes occur
in the Indiana portion of the assessment area, but
two large reservoirs, Monroe and Patoka, provide
water for surrounding homes and communities.
Unnatural stream channels also occur throughout the
Indiana portion of the assessment area. These are
often composed of drainage ditches and channels

to connect other water bodies. Many of these
constructed features follow historical channels, but
the channelized ditches have replaced the natural
features (Whiles and Garvey 2004).
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Prior to settlement, extensive wetlands and rich
riparian areas were found in abundance. European
settlers cleared and drained floodplains for
farmland. Road placement and channelization of
streams have changed water flow patterns over
time. Riparian habitat structure and function have
been altered as streams lost their floodplains and
riparian vegetation was removed. Contaminants,
discharges, nutrient pollution, and wastewater have
been identified as the main factors affecting water
quality in the assessment area within Indiana. Most
of the watersheds are considered of poor water
quality according to the EPA’s Index of Watershed
Indicators (Whiles and Garvey 2004).

Land Use and Vegetation Cover

Land Cover and Composition

The assessment area covers more than 42 million
acres of land, of which 40 percent is classified

as forest land by the U.S. Forest Service’s Forest
Inventory and Analysis (FIA) Program (U.S. Forest
Service 2011a) (Fig. 6, Table 2). About two-thirds
of the assessment area that is classified as forest
land is in Missouri, and the remaining third is
divided roughly equally between Indiana and Illinois
(Table 2). About 98 percent of the forest land in the
assessment area is classified as timberland (U.S.
Forest Service 2011a). Timberland is forest land that
is currently producing or capable of producing more
than 20 cubic feet of wood per acre per year. This
pattern is similar across the three states.

Satellite imagery from the National Land Cover
Dataset (NLCD) (Fry et al. 2011) estimates

forest cover at a slightly higher percentage

(44.9 percent). According to the NLCD, the
remaining land cover is classified as agricultural
land (43.1 percent), developed (7.5 percent), water
(1.6 percent), herbaceous (1.5 percent), and wetlands
(1 percent). Shrublands and barren land (containing
no vegetation) make up less than 1 percent of the
assessment area. The relative breakdown of these
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Figure 6.—Forest cover across the assessment area, by forest-type group (Ruefenacht et al. 2008).

Table 2.—Total area, forest land, and timberland within the assessment area (divided by state) as determined by FIA

(U.S. Forest Service 2011a).

Analysis area lllinois Indiana Missouri
Area (acres) 42,038,347 10,988,502 9,411,371 21,638,473
Forest land (acres) 16,999,521 2,364,798 3,239,959 11,394,761
Proportion of forest land in assessment area 14% 19% 67%
Timberland (acres) 16,618,582 2,329,862 3,186,467 11,102,251
Proportion of timberland in assessment area 14% 19% 67%

cover types varies by state (Fig. 7). Agricultural
lands are the most common land cover type in
Illinois and Indiana, whereas forest is the most
common land cover type in Missouri. [llinois has
the highest percentage of developed land among the
three states within the assessment area.

Based on FIA data, the oak/hickory forest-type
group is the most common in the assessment area,

covering 79.3 percent of the total forest land

(Fig. 6, Table 3). Forest-type groups are a
combination of forest types that share closely
associated species or site requirements. Other
common forest-type groups across the assessment
area include elm/ash/cottonwood and oak/pine. The
maple/beech/birch group makes up 7 percent of the
total forest land in Indiana but is a much smaller
component in the other two states. Differences

17
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Figure 7.—Percent cover within the assessment area, divided by state boundaries (Fry et al. 2011).

Table 3.—Forest land (in acres and as a percentage of total forest land) by FIA forest-type group (U.S. Forest Service
2011a).

Assessment area Illinois Indiana Missouri
Proportion Proportion Proportion Proportion
Forest-type group Area of total Area of total Area of total Area of total
Oak/hickory 13,484,660 79.3 1,500,096 63.4 2,444,838 75.5 9,539,726 83.7
Elm/ash/cottonwood 1,376,266 8.1 711,126 30.1 306,676 9.5 358,465 3.1
Oak/pine 1,010,816 5.9 49,233 2.1 109,267 3.4 852,316 7.5
Other eastern softwoods 351,161 2.1 2,273 0.1 16658 0.5 332229 2.9
Maple/beech/birch 307,763 1.8 31,981 1.4 229,898 7.1 45,883 0.4
Loblolly/shortleaf pine 276,840 1.6 26,061 1.1 35,400 1.1 215,378 1.9
Oak/gum/cypress 123,382 0.7 34,819 1.5 62,123 1.9 26,439 0.2
Other hardwoods 34,203 0.2 7,436 0.3 8,419 0.3 18,348 0.2
White/red/jack pine 22,527 0.1 1,773 0.1 20,754 0.6 — —
Aspen/birch 4,207 0.0 — — 4,207 0.1 — —
Exotic hardwoods 4,171 0.0 — — 800 0.0 3,372 0.0
Exotic softwoods 3,525 0.0 — — 919 0.0 2,605 0.0
Total forest land (acres) 16,999,521 100 2,364,798 100 3,239,959 100 11,394,761 100
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among forest types can influence the amount of
carbon stored aboveground and belowground (see
Box 3). These forest-type groups are broader than
the natural communities described later in this

Box 3: Forest Carbon

Each year, the United States releases about 1.5
billion metric tons of carbon into the atmosphere,
largely due to combustion of fossil fuels (U.S.

EPA 2013). One ton of carbon is equivalent to

3.7 metric tons of carbon dioxide. Forests in the
Central Hardwoods Region play an important role

in storing carbon and thus reducing the amount of
greenhouse gases in the atmosphere. Across the
assessment area, an average of 53 metric tons per
acre is stored aboveground and belowground (U.S.
Forest Service 2011a). Carbon storage density (the
mass of carbon per unit area) in this region is lower
than in some parts of the United States, such as the
Pacific Northwest, the northern Great Lakes, and the
Appalachians (Heath et al. 2011). However, carbon
density is still greater than many forests in the Rocky
Mountain region, and much greater than that of
most nonforested lands.

Within the assessment area, carbon density varies by
forest type and ownership. The maple/beech/birch
forest-type group has the highest carbon density,
followed by the elm/ash/cottonwood group (Fig. 8).
These forest types are typically found in more mesic,
nutrient-rich sites that can support higher levels of

chapter, and may include areas dominated by trees
that would be classified as woodlands, savannas, or
swamps based on their structure (see Box 4).

aboveground productivity. The most common
forest-type group (oak/hickory) has a slightly lower
carbon density. Across all forest types, public lands
store a slightly higher density of carbon (55 versus
52 metric tons per acre), but private lands store a
higher amount of carbon in total due to a higher
total area of forest in private ownership.

Several other factors also influence carbon storage.
Younger forests accumulate more carbon per year
than older forests because they are adding mass as
trees mature (Shifley et al. 2012). Forest types can
also vary in how much carbon is stored aboveground
versus belowground. Bottomland forests, like
elm/ash/cottonwood and oak/gum/cypress, typically
have more carbon stored in soil than do upland
forest types. This difference occurs because low-lying
areas tend to accumulate carbon from areas upslope
and because decomposition (and thus the release

of soil carbon into the atmosphere) is suppressed
when soils are flooded. Forest management and
disturbances such as insects, fire, and windstorms
can also influence carbon storage (Hicke et al. 2012,
Ryan et al. 2010).
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Figure 8.—Forest carbon density by forest-type group. Forest-type groups are arranged from

left to right by area (U.S. Forest Service 2011a).
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Box 4: Forest Types and Natural Communities

In this assessment, we describe two different ways
of classifying forests: FIA forest-type groups and
natural communities. These classification systems
are used for different reasons and convey different
types of information. Although there are some
general relationships between the systems, they are
organized differently enough that one cannot be
substituted for the other. Both types of information
are relevant to this assessment, so we use both
classification systems.

Forest Inventory and Analysis classifications describe
existing vegetation, and only for vegetated areas
dominated by trees (i.e., forests). Forest-type groups
are defined as a combination of forest types that
share closely associated species or site requirements.
Forest types are a classification of forest land based
upon and named for the dominant tree species.
There are several advantages to the FIA classification
system. The FIA system measures tree species
composition on a set of systematic plots across the
country and uses that information to provide area
estimates for each forest type, making it a good way
of estimating what is currently on the landscape

and the relative abundance of different forest types.
However, it does not make any inferences about
what vegetation was historically on the landscape
and does not distinguish between naturally occurring
and human-influenced conditions. Something that

Land Ownership and Use

About 20 percent of forest land within the
assessment area is publicly owned and managed
(U.S. Forest Service 2011a) (Table 4). National
forests make up the largest percentage of public
forest land within the area. Other major public
entities include state agencies, federal agencies
such as the U.S. Department of Defense and the
Department of the Interior, U.S. Fish and Wildlife
Service; and county and municipal governments.
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is classified as “forest land” by FIA may have been
historically a prairie, glade, woodland, or savanna.
Likewise, areas dominated by tree species that
are not native to the area would still be assigned
to a forest type and forest-type group based on
dominant species. Finally, the coarse scale of FIA
measurements may miss small, but ecologically
important, types.

By contrast, natural community classifications
describe an assemblage of native plants and animals
and their physical environment that reflects the
composition, structure, and function that would
have occurred under the historical range of natural
variability (Nelson 2010). Forests are just one type
of natural community. Natural communities also
include other terrestrial and aquatic assemblages
not dominated by trees. The advantage of the
natural community system is that it is based on
ecological relationships between native organisms
and their physical environment. Therefore, natural
communities describe what would have been
present at a particular location if the landscape
had been left unaltered by European settlement.
The disadvantage of using natural community
classifications is that they have not yet been
quantified spatially and described in a consistent
manner across the country.

The majority of forests in the assessment area,
however, are privately owned. Most of the privately
owned forest lands are held by hundreds of
thousands of individual nonindustrial family forest
owners (Butler 2008). According to the National
Woodland Owners Survey, primary reasons for
forest ownership are for enjoyment of scenery,
protection of nature, long-term investment, or
recreational purposes (Butler 2008). Making forest
products was a much less common reason for
ownership in the assessment area. In addition, most
privately owned forests in the assessment area lack a
management plan.
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Table 4.—Forest land (in acres and as a percentage of total forest land) owned by different entities within the
assessment area and by state within the assessment area (U.S. Forest Service 2011a).

Assessment area lllinois Indiana Missouri
Proportion Proportion Proportion Proportion
Ownership Area of total Area of total Area of total Area of total
Private 13,551,052 79.7 1,886,251 79.8 2,617,377 80.8 9,047,425 79.4
National forest 1,970,093 11.6 294,360 12.4 194,641 6.0 1,481,094 13.0
State 895,059 5.3 102,077 4.3 272,339 8.4 520,643 4.6
County and municipal 91,066 0.5 42,089 1.8 7,022 0.2 41,956 0.4
Federal 492,246 2.9 40,022 1.7 148,580 4.6 303,644 2.7
National Park Service 65,352 0.4 — 0.0 — 0.0 65,352 0.6
Fish and Wildlife Service 87,491 0.5 23,888 1.0 44,419 14 19,184 0.2
Department of Defense 269,718 1.6 7,227 0.3 85,916 2.7 176,575 1.5
Other federal 69,685 0.4 8,907 0.4 18,245 0.6 42,533 0.4
Total forest land 16,999,516 100 2,364,799 100 3,239,959 100 11,394,762 100

SOCIAL AND ECONOMIC
CONDITIONS

About 7.1 million people reside within the
assessment area (Headwaters Economics 2012).
Fifty-three percent of the population is located

in Missouri, 27 percent is in Indiana, and the
remaining 20 percent is in Illinois. The Missouri
portion of the assessment area has experienced the
largest population growth over the past 40 years
(50 percent). Indiana has experienced modest growth
during that time (27 percent), and the population in
[llinois has had only a minor increase of 4 percent.
These trends for larger population and growth in
Missouri are primarily due to the presence of the
St. Louis metropolitan area within the assessment
area boundary. By contrast, the largest metropolitan
areas in Illinois and Indiana are located north of
the assessment area boundaries in those states. In
addition, several areas in Missouri have grown
because they serve as retirement destinations

(U.S. Forest Service 1999b). Despite this growth,
population density in the Missouri portion is
relatively low, at 110 people per square mile.
Population density is highest in the Indiana portion
(129 people per square mile), and lowest in the
[llinois portion (83 people per square mile).

The economic well-being of the people of the
assessment area varies across the three states.
Unemployment has been highest in the Illinois
portion of the assessment area over the past

20 years, and lower in Missouri and Indiana
(Headwaters Economics 2012). In Missouri,
growth in employment and personal income over
the last 40 years has been greater in the Ozark
Highlands section than in the state as a whole,
and similar trends have occurred in southern
Indiana (Headwaters Economics 2012). The
entire assessment area has had an increase in
unemployment since 2007, similar to trends across
the United States (Headwaters Economics 2012).

Forest Products Industry

The forest products industry represents a significant
proportion of the total economy of each state, as
measured by percentage of gross domestic product
(GDP) (Table 5). However, it is a much larger
percentage of GDP in Indiana and Missouri than in
[linois. The timber industry represents 1.1 percent
of total employment for Indiana, 0.7 percent for
Missouri, and 0.5 percent for Illinois (Headwaters
Economics 2012). Major timber-related businesses
in the three states include sawmills, paper mills, and
paper products manufacturing. Wood office furniture
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Table 5.—Gross domestic product (GDP) (billions of
dollars for all industries and for the forest products
industry. Note: Data are for the entire state. Sources:
Bureau of Economic Analysis (2012), ILDNR (2010),
INDNR (2010), MDC (2010).

GDP lllinois Indiana  Missouri
All industries 651.5 275.7 244
Forest products industry 2.5 7.5 5.7
Percentage of GDP 0.4 2.7 2.3

manufacturing is a major industry in Indiana,
ranking first in the nation (Bratkovich et al. 2007).
Between 1998 and 2009, timber-related employment
decreased about 33 percent for the three-state area
(Headwaters Economics 2012), which is similar to
trends for the United States as a whole.

Hardwood species (primarily oak, hickory, and
walnut) make up the majority of timber harvested

in the area (Treiman and Piva 2005, U.S. Forest
Service 2011a). In addition, shortleaf pine
constitutes a substantial portion of timber harvested
in Missouri. In the eastern part of the assessment
area, maple species, black cherry, and yellow-poplar
are also important timber species.

Agriculture

Most of the assessment area in Illinois and
Indiana, and a large portion in Missouri, is used for
agriculture (Fry et al. 2011), making agriculture-
related industry a large part of the economy in

the assessment area. Crop and animal production
accounts for about 1 percent of GDP in all three
states (Bureau of Economic Analysis 2012). Food
manufacturing accounts for an additional 1.5 to

2 percent of GDP in the three states (Bureau of
Economic Analysis 2012). About 143,000 people
are employed in the farming industry within the
assessment area (Headwaters Economics 2012).
Farming accounts for about 4 percent of total
employment in the Illinois portion of the assessment
area, and 3 percent in Indiana and Missouri.
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The primary crops in all three states are corn and
soybeans. Other important crops in the assessment
area include winter wheat, sorghum, oats, and hay.
[llinois ranks second in the country for corn and
soybean production and fourth in hog production
(National Agricultural Statistics Service [NASS]
2012). Indiana is known for its production of
peppermint and spearmint, which are primarily used
in chewing gum (NASS 2012). Missouri is also a
major producer of rice, cotton, and potatoes (NASS
2012).

Recreation

The forested lands within the assessment area are

a primary destination for recreation, which is also
economically important to the region. Travel and
tourism-related employment in the three-state

area makes up 13.9 percent of total employment
(Headwaters Economics 2012). Total spending on
local and non-local visits to the three national forests
within the assessment area is approximately

$39 million per year (National Visitor Use
Monitoring Program [NVUM] 2011). About half
of the spending occurs on the Mark Twain National
Forest ($19 million) and the other half is divided
roughly equally between the Shawnee and Hoosier
National Forests. The majority (55 percent) of visits
are for local day use by people living 50 or fewer
miles from the national forests. Primary activities
people undertake while visiting national forests are
viewing natural features, hiking, hunting, fishing,
camping, and horseback riding (NVUM 2011).
Total expenditures on fishing, hunting, and wildlife
viewing for the three-state area on all public and
private lands are about $6.5 billion (Table 6).

Table 6.—Total expenditures (millions of dollars) on
wildlife-related recreation activities by state. Note:
Estimates are for entire state (U.S. Fish and Wildlife
Service and U.S. Census Bureau 2006).

Fishing Hunting Wildlife viewing Total
Illinois 722 334 1,030 2,086
Indiana 627 223 934 1,784
Missouri 955 892 739 2,586
Total 2,304 1,449 2,703 6,456
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ECOSYSTEMS

The assessment area is part of the Central Interior
Broadleaf Forest Province (223; McNab et al. 2007).
The Province comprises six ecological sections
spanning from far eastern Oklahoma to southwestern
Ohio and includes large portions of Kentucky and
Tennessee. The Central Hardwoods assessment

area includes the five sections that encompass the
Missouri Ozark Highlands and the unglaciated
sections of southern Illinois and Indiana (Fig. 2).

In addition, one section (Coastal Plains-Loess)

from Province 231 (Southeastern Mixed Forest) is
included in the assessment area because it overlaps
with the Shawnee National Forest. A mosaic of
natural communities can be found in this area, which
is dominated by mixed oak, shortleaf pine, and
various hickory species.

Natural Communities

A natural community is an assemblage of native
plants and animals that tend to recur over space and
time. These assemblages interact with each other
and their physical environment in ways minimally
modified by nonnative species and adverse human
disturbances. A natural community is a grouping of
plants and animals and their physical environment
that still contains a semblance of the composition,
structure, and function that would have occurred
under the historical range of natural variability
(Nelson 2010). Natural communities serve as a
means to describe and analyze departures between
historical reference and current forest conditions
(as described above using FIA data). Natural
communities are representative of what occurred
on a site prior to European immigration, and what
presumably could be restored there. Except on the
relatively scarce sites that have remained largely
undisturbed, they do not represent the current
condition.

The natural communities for the assessment area are
grouped into broad categories based on similarities
in vegetation appearance, structure, and composition
(Table 7). Descriptions are based on Nelson (2010)
and Olson (2004). These natural communities can
be compared to NatureServe’s plant associations

and the FIA forest types (see Appendix 2). FIA
forest types in the area, which are more specific than
forest-type groups described above, are listed by
area in Appendix 3.

Forests

Mature forests are multistoried with a tree canopy,
and a subcanopy of small trees, shrubs, saplings,
vines, and ground flora adapted to shade. Forests
essentially have a permanent layer of leaf litter.
Forests have high canopy cover (80 percent or
greater). Little light penetrates the forest canopy
except in gaps created by wind, tornadoes, ice

and snowstorms, drought, fire, or other natural or
human-caused disturbances. Forests can further be
divided into upland and bottomland (floodplain)
forests and flatwoods based on their landscape
position and soil moisture.

The low percentage of forest (as opposed to
woodland) cover in the Missouri portion of the
assessment area reflects the historical importance
of the fire regime that occurred across the Ozark
Highlands as well as the drier climatic and edaphic
conditions in the area. Closed-canopy forests
developed where the topography and presence

of Ozark streams and rivers created more mesic,
nutrient-rich conditions and protected them from
fire, predominantly in deep coves and river break
valleys. Because most forests generally occurred on
north- and east-facing slopes or under mesic to wet
soil conditions, fires were infrequent and generally
of low intensity.

23



CHAPTER 1: THE CONTEMPORARY LANDSCAPE

Table 7.—Natural community types and dominant tree species found within each type. Modified from Olson et al.
(2004). *Assessed for climate change vulnerability in Chapter 6.

Community Type

Community Sub-type Community

Dominant Tree Species

Forest Upland forest Dry-Mesic* black, white, northern red, and scarlet oak; shagbark, pignut,
bitternut, and mockernut hickory; sugar and red maple,
yellow-poplar, shortleaf pine (MO)

Mesic* IL and IN: sugar maple, American beech, northern red and white oak,
yellow-poplar, bitternut hickory, white ash, black cherry
MO: white and northern red oak, sugar maple, American basswood
Bottomland Mesic* white and bur oak, sycamore, eastern cottonwood, sugar maple,
(floodplain) forest American and slippery elm, American beech, hackberry, black walnut
Wet-Mesic American and slippery elm, sweetgum, honeylocust, black walnut
Wet* river birch; green ash; silver and red maple; shellbark and water
hickory; boxelder; eastern cottonwood; black willow; pin, willow, and
overcup oak
Flatwoods* pin, post, and blackjack oak; shortleaf pine, mockernut and shagbark
hickory; blackgum

Woodland Open woodland* white, post, black, blackjack, scarlet, and chinquapin oak; shortleaf
pine; mockernut, shagbark, and black hickory; eastern redcedar

Closed woodland* shortleaf pine; white, black, and scarlet oak; mockernut and
shagbark hickory

Savanna Savanna* post and chinquapin oak

Barrens* black, blackjack, post, scarlet, white, bur, and chestnut oak;
blackgum; shagbark and black hickory; eastern redcedar

Prairie not applicable

Glade* post oak; eastern redcedar

Wetlands Fen not applicable

Seep not applicable
Spring not applicable
Swamp baldcypress, water tupelo; water hickory, pumpkin ash, water locust,

red maple
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Closed-canopy forests are more common than
more open woodlands, barrens, and savannas in the
eastern portion of the assessment area. Hardwood
forests compose 78 percent of the forested land on
the Hoosier National Forest (U.S. Forest Service
2006a). Most stands on the Hoosier National
Forest are even-aged and consist of one or two
canopy layers. Mature stands where no cutting or
reintroduction of fire has taken place in recent years
are transitioning from oak and hickory into more
shade-tolerant species such as maple and beech.

Upland Forests

Upland forests typically range from dry-mesic to
mesic. Dry-mesic forests occur most frequently

on deeper, well-drained soils where the climate is
drier and less humid. Infrequent, low-intensity fires
are also an important system driver. As rainfall

and humidity increase from west to east across

the assessment area, soils become moderately

well drained, typically resulting in optimal growth
that develops a maximum canopy height. To the
west (particularly in western Illinois and most of
Missouri), dry-mesic forest is of greater importance
than in the eastern part of the assessment area.
Mesic forests typically occupy steep, north-facing
hills, coves, and the base of bluffs. In the western
part of the assessment area, dry-mesic forests are
most prevalent along the steep hills and breaks

of the larger Ozark streams, where fire occurred
less frequently because of the proximity of deeply
dissected hills and numerous streams and rivers.
Upland forest types occupy less than 10 percent of
the Ozark landscape, and are much more common in
the eastern part of the assessment area.

Bottomland Forests

Bottomland (or floodplain) forests can range from
dry-mesic to wet, although dry-mesic bottomland
systems are found only in the Missouri Ozarks
portion of the assessment area. As the name implies,
bottomland forests are found in low-lying areas and
floodplains. Mesic bottomland forests are similar

in tree species composition to mesic upland forests,
dominated by sugar maple, beech, and white oak.
Wet and wet-mesic bottomland forests occur along
major streams and rivers. Both wet and wet-mesic
forests are frequently flooded, but flooding is
sufficient to limit productivity and diversity only
in wet forests.

Flatwoods

Flatwoods are a unique community type
characterized by a layer of clay in the subsoil that
leads to poor drainage. Flatwoods are waterlogged
in the spring and very dry in summer, leading to a
low diversity of species. In Illinois, flatwoods are
classified as a type of woodland (described below).
Frequent fires of low-moderate intensity were
common historically in this community type.

Woodlands

Woodlands are highly variable natural communities
with a canopy of trees ranging from 30 to 90
percent cover, a sparse woody understory, and a
dense ground flora dominated by grasses, sedges,
and forbs (Nelson 2010). Woodlands can be further
divided into open (30 to 50 percent canopy cover)
and closed (50 to 90 percent cover) types. These
systems are often the product of fire dynamics.
Historically, periodic fires promoted patches of oak
shrubs, saplings, and mature trees in irregular but
widespread patterns, which were determined by fire
behavior characteristics and fire effects across a
varied, dissected landscape.

Woodlands are the most common land cover type on
the Mark Twain National Forest and the surrounding
Ozark Highlands Section. Open woodlands make

up approximately 80 percent of woodlands in
Missouri, with the remainder classified as closed
types. Ladd (1991) and Schroeder (1981) provide
many historical accounts and references offering
evidence of the widespread occurrence of woodlands
(and savannas; see below) throughout the Ozark
Highlands prior to European settlement. Since
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European settlement, the composition of woodlands
has changed from systems dominated by oak,
shortleaf pine, and post oak toward denser stands
of red, black, and scarlet oak.

The Illinois Natural History Survey has recently
updated its classification system to include
woodlands as a distinct natural community type.

In the past, these systems were classified as forests
or savannas. In Illinois, systems with between

50 and 95 percent cover are classified as woodlands,
whereas those with less than 50 percent cover are
classified as savannas. Flatwoods (described above)
and some barrens communities (see below) are also
included under the woodland community type in
Illinois (B. Anderson and J. Taft, Illinois Natural
History Survey, personal comm.).

In Indiana, land is typically not classified as
woodland, and is instead classified as forests with
a more open understory or as barrens communities
(M. Homoya, Indiana Department of Natural
Resources, personal comm.).

Savannas and Barrens

Savannas are fire-maintained grasslands with open-
grown, scattered, orchard-like trees or groupings of
trees and shrubs. Warm-season grasses and a great

variety of forbs dominate the groundcover. Savannas

are distinguished from woodlands in that they

are strongly associated with prairies. Historically
savannas were maintained by frequent fires and
grazing by elk and bison. The tree canopy cover

is generally less than 30 percent. Eight percent
(119,700 acres) of Mark Twain National Forest
lands were once fire-mediated savanna. Currently
only local isolated remnants occur in portions of
the Missouri Ozark Highlands and the Mark Twain
National Forest.

Barrens communities are a subtype of savanna (or

in the case of some barrens in Illinois, woodland)
characterized by trees tolerant of xeric conditions
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that grow on poor, thin, or excessively drained soils
and have a stunted, open-growth appearance (Olson
et al. 2004). Barrens communities are more common
than savannas in Indiana and Illinois, and occur
throughout the Shawnee Hills and Transition Hills
Sections of the assessment area. Less than 1 percent
of the National Forest System lands in southern
Indiana are barrens (U.S. Forest Service 2006a).

Sandstone barrens communities differ from
limestone barrens, and both are found within the
assessment area. Sandstone barrens in the Shawnee
Hills Section tend to be dominated by white, post,
and blackjack oaks. Limestone barrens are more
open, with as little as 20 percent canopy dominated
by post and chinquapin oaks and eastern redcedar.
The openings in these habitats consist of grasses

and shrubs.

Barrens on the Hoosier National Forest. Photo by Teena Ligman,
Hoosier National Forest.
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Prairies

Prairies are natural communities dominated by
perennial grasses and forbs with scattered shrubs and
very few trees (less than 10 percent canopy cover).
Historically prairies were maintained by frequent
fires and grazing by elk and bison. In Missouri,

most prairies are degraded or destroyed except for

a few patches on deep loess-glacial till soils of the
Cedar Creek unit of the Mark Twain National Forest.
Prairies are not currently a notable component of
the Illinois or Indiana portions of the assessment
area, although evidence suggests they were present
historically (Samson and Knopf 1994).

Glades

Glades are open areas of exposed bedrock or shallow
soil over rock dominated by drought-adapted
herbaceous vegetation. Tree growth is absent or
stunted, but shrubs are present. Glades often contain
seeps and are associated with bordering open
woodlands. Their size ranges from those creating
canopy gaps in woodlands to complexes of up to
1,000 acres.

The largest glades occur mostly on dolomite in

the White River Hills Subsection and on igneous
substrates in the St. Francois Knobs and Basins
Subsection of the Ozark Highlands of Missouri.
Small glades, generally less than 10 acres, occur

on limestone and sandstone rock. Glades cover
approximately 86,000 acres on and adjacent to the
Mark Twain National Forest. Historically, fire and
native ungulate grazing played an important role in
maintaining their character. Missouri glades contain
several endemic species, many of which are listed
as species of concern. Most glades are threatened
by eastern redcedar invasion and nonnative invasive
species.

Glades are also present in the Illinois and Indiana
portions of the assessment area, and vegetation

structure is similar to that found in Missouri (Baskin
and Baskin 2000). However, parent material is
typically limestone in these areas. Dominant
vegetation is perennial warm-season grasses,

and thus some have suggested that these areas

could be classified instead as prairies (Baskin and
Baskin 2000). Areas that would be classified as
glades elsewhere are often referred to as barrens
communities in Indiana (see Appendix 2).

Wetlands

Wetlands include seeps, springs, fens, and swamps.
Seeps, springs, and fens are associated with a
constant supply of groundwater seepage, creating
conditions that form peaty, mucky shallow to

deep marly soils. Swamps are tree-dominated
communities with surface freshwater throughout all
or most of the year.

The Missouri Natural Heritage Database identifies
42 significant fens and seeps, totaling 3,905 acres,
occurring on the Mark Twain National Forest
(Missouri Department of Conservation [MDC]
2013Db). These include Ozark fens, forested fens, and
acid seeps. A host of distinctive and often restricted
plant and animal species characterize this bog-like
natural feature.

Swamps are found in far southern parts of the
[llinois and southwestern Indiana portions of the
assessment area and in Missouri directly southeast
of the assessment area. Swamps are located on areas
of flat topography or with small depressions, and
are often covered by floodwaters 10 feet deep or
greater. In Indiana, they mostly occur along major
watercourses, such as the Ohio and Wabash Rivers.

Other Communities

In addition to the natural communities described
above, other communities not natural to the
assessment area are present in significant amounts.

27



CHAPTER 1: THE CONTEMPORARY LANDSCAPE

Pine Plantations

Nonnative pine plantations are common throughout
the Illinois and Indiana portions of the assessment
area. Sixteen percent of the forested area on the
Hoosier National Forest is now planted to nonnative
pines. In Illinois, about 45,000 acres of the Shawnee
National Forest is occupied by nonnative pine
plantations (U.S. Forest Service 2006b). These
species were planted mainly from the 1940s to the
1980s when previously farmed lands were put into
the National Forest System and reforested. These
plantations were created with the intent of keeping
fragile, over-farmed soils in place and controlling
erosion. A variety of pines were planted, including
red pine, shortleaf pine, Virginia pine, and white
pine. Of the four varieties, shortleaf pine and white
pine were the most frequently planted species on
National Forest System lands. The mortality rate in
pines is dependent on the species. Red pine shows
the greatest adverse effect of being planted off site
and is experiencing a high mortality rate and little
regeneration. Both white and shortleaf pine seem
more adapted to the area, grow well, and are able to
regenerate, although shortleaf is north of its normal
range and white pine is south of its normal range. In
the past several years, the Hoosier National Forest
has been removing these pine stands to replace them
with native hardwood species.

Almost all of the pine plantations on the Mark Twain
National Forest were planted with native shortleaf
pine, with a small amount (less than 0.5 percent of
total acreage) of white pine planted in the 1930s and
1940s. Most of the nonnative pine has now been
harvested, blown down, or died out, although some
remnants remain.

Associated Species
Wildlife

Wildlife species depend on and, to some extent,
shape the many natural communities within the
assessment area. Hundreds of mammal, bird, and
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other vertebrate species can be found throughout the
area and can serve as indicators of overall ecosystem
health.

Birds

The assessment area falls within the Central
Hardwoods Bird Conservation Region and is home
to more than 100 species of birds of conservation
concern, many of them Neotropical migrants
(McCreedy et al. 2004). These species rely on the
many unique natural communities of the assessment
area, and a major threat to these species is the
destruction and fragmentation of habitat (Thompson
etal. 1992).

A variety of bird species rely on habitats of different
successional stages within the assessment area.
Many reports indicate that the number of species that
use early successional habitat is declining (Oliver
and Larson 1996, Thompson and Dessecker 1997).
For example, habitat loss and maturation of forests
in Indiana are contributing to population declines of
American woodcock (McAuley and Clugston 1998).
Species including the black-and-white and worm-
eating warblers prefer the high stem densities and
closed canopy characteristics of mid-successional
habitats (Thompson et al. 1995). Juvenile migratory
birds have been documented using early and mid-
successional habitats (Marshall et al. 2003, Pagen

Ruffed grouse. Photo by Darren Noorington, Hoosier National
Forest.
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et al. 2000, Rappole and Ballard 1987). Late
successional forest stands benefit interior songbirds,
in addition to many other vertebrate species that
depend on large snags and downed woody material

(Shifley et al. 1997).

The Mississippi River floodplain bottomlands of the
Shawnee National Forest are dotted with remnant
wetlands. Restoration of the bottomland hardwood
ecosystems with a strong wetland component
provides needed habitat for a host of migratory
birds. Hundreds of thousands of shorebirds, marsh
birds, ducks, and geese use these wetlands as critical
resting and feeding habitat.

Game Species

White-tailed deer are common throughout the
assessment area, relying on the many edges created
through fragmentation of forest land. The white-
tailed deer population is fairly stable to increasing
in Missouri. The goal of Missouri’s deer regulations
over the past decade has been to decrease deer
numbers in many parts of the state. Visible browse-
lines in some areas in Missouri and on the Mark
Twain National Forest indicate that the deer
population may be too high, although definitive
data are lacking.

Deer populations in southern Indiana and Illinois
are in a stable pattern. Deer browsing can influence
plant composition and regeneration, particularly in
the understory. There is little sign in the Shawnee
or Hoosier National Forest of deer overpopulation,
generally evidenced by herbivory browse-lines.
Overpopulation may be affecting more-protected
areas where there is little hunting pressure, and
heavily fragmented forests in Illinois and Indiana
(Hurley et al. 2012, Ruzicka et al. 2010). However,
hunting is permitted in a large percentage of public
land in southern Indiana, which helps control these
impacts. Providing more habitat across the southern
part of the state also encourages more movement,
thus reducing potential for pressure on any one area
(C. Stewart, personal comm.).

The eastern wild turkey is another important game
species in the assessment area. The oak/hickory
forest type provides an ideal habitat to the species.
The population is fairly stable in Missouri, with the
exception of a few counties in the southwestern part
of the state where there has been a decrease. The
Missouri Department of Conservation determined
that the 2011 turkey population was around 308,000
birds. Hunters harvested 46,000 turkeys in spring
2010 in Missouri (MDC 2012). The eastern wild
turkey population in Illinois is about 150,000, with
residents in every county. Illinois hunters harvested
about 16,400 turkeys in 2011 (Illinois Department
of Natural Resources [ILDNR] 2013). In Indiana,
eastern wild turkey roadside counts show a
4-percent increase in turkeys compared to 2010. The
2011 harvest data showed that 11,669 turkeys were
harvested in 2011, with more than 7,200 coming
from within the assessment area (Backs 2012).

Large Mammals

Other large mammal species can be found
throughout the assessment area. The Shawnee
National Forest has bobcats in residence. The black
bear population in Missouri appears to be increasing;
the MDC is conducting studies to determine
population size, habitat preferences, and movements.
Mountain lion sightings have been increasing in
Missouri in recent years. The MDC reintroduced

elk to Carter County, Missouri in 2011, and another
small group of elk has also been reported in Taney
County. It is likely that these animals will use Mark
Twain National Forest lands as they expand their
range.

Management Indicator Species

The national forests in the assessment area monitor
ecosystem health by using a few key management
indicator species. Management indicator species
are identified in the land and resource management
plans of each national forest. They are selected
because they represent habitat types typical of their
forest or because they are thought to be sensitive to
management activities. The Mark Twain National
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Forest has selected the northern bobwhite, summer
tanager, Bachman’s sparrow, worm-eating warbler,
and red bat as their management indicator species.
Northern bobwhite, summer tanager, Bachman’s
sparrow, and the red bat were chosen specifically
due to the loss of open-canopy oak and pine
woodlands in the area. On the Shawnee National
Forest, the northern bobwhite and worm-eating
warbler were also selected, in addition to the wood
thrush, scarlet tanager, and yellow-breasted chat.
The Hoosier National Forest has selected the yellow-
breasted chat, American woodcock, Louisiana
waterthrush, wood thrush, and Acadian flycatcher.

Rare and Endangered Species

The natural communities within the Central
Hardwoods Region also support a variety of rare and
endangered plant and animal species. Although these
species are uncommon, they can serve as indicators
of overall ecosystem health. Many of these species
rely on unique habitats within the assessment area,
such as seeps, prairies, glades, rock outcrops, and
caves (U.S. Forest Service 1999d). In addition,
management decisions are often made to conserve

or restore habitat of these species.

Invertebrates

The endangered Hine’s emerald dragonfly occurs on
the Mark Twain National Forest. Critical habitat was
designated on 13 units on the Forest in 2010. As a
result of recent genetic research, it was discovered
that some of the sites may not be occupied by Hine’s
emerald dragonfly, but rather another closely related
species. There are now six fens that have confirmed
occupancy by Hine’s emerald dragonfly and seven
unconfirmed sites.

Tumbling Creek cavesnail is an endangered species
with designated critical habitat. The species has
been documented from only one cave in the world
(Tumbling Creek Cave). It is on private land
adjacent to Mark Twain National Forest lands in the
Ozark Highlands of Missouri, and approximately
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23 percent of the recharge area for the aquatic
ecosystem of the cave is on Mark Twain National
Forest lands. Critical habitat does not occur on the
Forest, but activities in the recharge area may impact
critical habitat.

Vertebrates

The endangered Ozark hellbender occurs in the
Eleven Point River, Current River, and North Fork
of the White River on the Mark Twain National
Forest. The Forest has partnered with the MDC to
monitor the population status of the species on the
Forest and in Missouri. The species continues to
decline across its range.

The bald eagle has continued a remarkable recovery
from the near devastation of the populations during
the 1960s and 1970s. During this time, populations
plummeted to critical levels due to a loss of habitat,
illegal shooting, and the widespread use of certain
persistent pesticides. Both Illinois and Missouri are
important winter areas for bald eagles. Missouri has
one of the highest wintering populations of bald
eagle in the lower 48 states, with about 2,200 birds
recorded each winter. Between 75 and 100 nests are
recorded, and that number is increasing annually.
Both bald eagle nesting and winter use have
continued to rise. In Indiana, a small population of
bald eagles winter along major rivers and large water
bodies such as the Monroe and Patoka reservoirs.
Midwinter eagle surveys conducted since 1979 show
an increase in the number of eagles wintering in
Indiana (INDNR 2001).

Both the Indiana bat and the gray bat are protected
under the Endangered Species Act and are found
throughout the assessment area. Nationwide, the
winter population level of Indiana bats has declined
about 17 percent, but this decline is not as large in
the assessment area.

White-nosed syndrome is a fungal disease infecting
bats across much of the Midwestern and northeastern
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regions of the United States. This disease has led
to the death of millions of bats, leading to almost
100-percent mortality at many sites. It was first
observed in the United States during the winter of
2006-2007 in caves and mines in upstate New York.
As of April 2011, white-nosed syndrome had been
either suspected or confirmed present in 18 states,
affecting more than 167 hibernacula, and resulting
in the first sustained epizootic affecting bats.
White-nosed syndrome has now been confirmed
present in Missouri and Indiana, with an outbreak
of the disease in a hibernaculum in western-central
Kentucky less than 200 miles from the Illinois
border. Bat researchers have projected that the
disease is likely to occur in Illinois by 2013.

Plants

In addition to animals, a number of rare and
endangered plant species can be found throughout
the assessment area. In the Illinois and Indiana
portions of the assessment area, 53 plant species are
listed as being of global concern, and 21 of those
live on the Hoosier and Shawnee National Forests
(Olson et al. 2004). Mead’s milkweed is a federally
listed species found on the Shawnee and Mark
Twain National Forests. Running buffalo clover
and Virginia sneezeweed are listed plant species

that occur on the Mark Twain National Forest or

Trout lily on the Hoosier National Forest. Photo by Kirk Larson,
Hoosier National Forest.

within the proclamation boundary. The running
buffalo clover is endangered, and also occurs on
the southern portion of the Hoosier National Forest.
Blue monkshead, another state endangered species,
is found in a few specific locations in the Indiana
portion of the assessment area.

Past Ecosystem Change

The ecosystems of the assessment area have
undergone substantial changes over the past several
thousand years. Large-scale changes in climate along
with the settlement of humans in the area shaped the
landscape into what it is today.

Changes Prior to European Settlement

The Wisconsin glaciation was the most recent

ice sheet that covered much of North America.
Although it did not stretch as far south as the
assessment area, the ice age greatly influenced

the ecosystems of the region. Boreal and northern
hardwood species were the dominant vegetation
cover during this time (28,000 to 12,000 years
before present) (Delcourt and Delcourt 1981)
(Table 8). After the glacier retreated about 12,000
years ago, oak, hickory, and elm species migrated
into the region, and oak-dominated savannas and
woodlands became common as the climate warmed
during the Hypsithermal period from about 8,500
to 4,500 years before present, which resulted in the
expansion of prairie species to many of the drier
upland sites (Parker and Ruffner 2004). A cooler
period followed, allowing the return of tree species
to the area. However, much of the arca maintained
a degree of openness through natural and human-
caused fire (Abrams and Nowacki 2008, Delcourt
and Delcourt 1998).

Native Americans played a role in shaping changes
across the assessment area for as long as 12,500
years (Nelson 2010, Parker and Ruffner 2004).
Abrams and Nowacki (2008) suggest that the sub-
humid climate of the area would not have supported
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Table 8.—Changes in vegetation in the Central Hardwoods Region over the last 12,000 years. Adapted from Nelson

(2010).

Time

(years before present) Vegetation

Human activities

Pre-12,000 Boreal forest

Initial settlement-big game hunters

12,000 to 8,500
woodland southeast

Mesic oak savanna in north, oak-ironwood

Mobile hunter-gatherers, numerous short-term
settlements, widespread use of fire

8,500 to 4,500
oak-hickory savanna

Large expanses of grassland intrude into region, Same as above

4,500 to 1,000

savanna in northwest

Shortleaf pine moves in, variable canopy
woodland and forest in southeast, prairie

Semi-sedentary to sedentary hunter-gatherers,
appearance of domesticated plants, increasing
impacts from settlements, increased fire use,
clearance of bottomlands for fields

1,000 to 200 Pre-European appearance

Same as above, plus agricultural settlements along
river bottoms

200-present

Remaining forested lands more dense than

Land cleared for agriculture, urban development;

what was historically present, increase in maple some areas reforested, fire suppression during

component, nonnative pines planted

mid-20th century

prairie, savanna, and open woodland without the
influence of Native Americans through the use

of fire. In addition to hunter-gatherer societies,
agricultural communities were established along
river bottoms from about 1,000 to 500 years ago,
cultivating corn, beans, and squash. However,
these communities disintegrated prior to European
settlement, returning some formerly developed
lands back to forest. Smaller tribal groups of native
people continued to manipulate some areas with fire
into the 19th century (Parker and Ruffner 2004).
By the time of European contact (circa 1650), the
landscape resembled a mosaic pattern of croplands
near settlements, abandoned clearings with early
successional species, and open forest stands
dominated by fire-adapted species of oak, hickory,
and walnut (Abrams and Nowacki 2008, Delcourt
1987, Delcourt and Delcourt 1998).

Presettlement Vegetation

Presettlement conditions are used as a reference
condition for evaluating ecological integrity
and determining restoration goals. The Missouri
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Historic Vegetation Survey data indicate that the
Ozark Highlands contained more than 25 different
tree associations, many of them attributed to

the influences of fire, topography, and geology.
According to General Land Office witness tree
survey records, oak species, shortleaf pine, and a
variety of hickory species were dominant species
in the early 19th century (Hanberry et al. 2012).
According to models of witness tree structure and
openness (a measure of diameter and distance from
section corners and section lines), much of the
Ozarks was open in character, thus confirming the
historical presence of savanna and open woodlands
(Batek et al. 1999, Hanberry et al. 2012, Nelson
2010). Forest was confined to dissected river breaks.

Pre-European-settlement forests of southern

Illinois can be categorized into four basic types:

(1) oak-hickory, (2) mixed hardwoods, (3) lowland-
depression forests, and (4) floodplain forests (Parker
and Ruffner 2004). Fragments of prairie and savanna
were present in the upland, north-central portions of
the area, and hills and bluffs along the Mississippi
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River (Fralish 2010, Fralish et al. 1991). Small
native populations of shortleaf pine occurred on
extremely xeric uplands of the Ozark Hills (Davis
and Ruffner 2002). Mesophytic species, such as
American beech and sugar maple, were restricted

to the low and alluvial sites mainly in the Illinois
Ozark Hills and, to a lesser extent, in the Lesser and
Greater Shawnee Hills (Fralish and McArdle 2009).

Prior to European settlement, common vegetation

in southern Indiana consisted of mainly deciduous
forests similar to those found in southern Illinois.
American beech, hickories, oaks, yellow-poplar, and
sugar maple were generally found on well-drained
upland sites (Parker and Ruffner 2004). On the more
shallow upland sites, scrub oaks including blackjack
and scarlet oak were common. The Transition Hills
Section of southern Indiana is believed to have

been primarily forested with maple and beech due

to a low influence of Native Americans in the area
(Parker and Ruffner 2004). Although the area was
primarily forested, prairies and savannas could also
be found.

Post-settlement Changes

Forest harvesting over the past 200 years has greatly
shaped the landscape into what it is today, which is
markedly different from its presettlement condition
(reviewed in Parker and Ruffner 2004). Although
past management across this region is quite variable,
a few trends generally occurred. Settlers harvested
timber across the area throughout the 19th century,
cutting most of the old-growth forests (Fralish
1988). As sawmills were introduced into the area
with the rapid increase in towns and villages, the
harvest of timber for high-value products greatly
accelerated. The practice of cutting only desirable
high-value species left residual stands of trees that
were generally of little economic value (Den Uyl
1962, Westveld 1949).

By 1900, most of the forests in the assessment area
had been cut, subjected to grazing, or burned (Parker
and Ruffner 2004). In addition, wetlands had been
drained and prairies had been converted to farmland.
Generally, more land was cleared in the flat
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bottomland areas than in the more hilly topography.
Stands clearcut in the late 1800s regenerated to a
mixture of tree species that are essentially of the
same age, but varied in size due to differences in
growth rate among species (Marquis and Johnson
1989, Roach and Gingrich 1968). Burning and
grazing left open understories in woodlands
throughout the early 20th century. As these practices
became more uncommon by the mid-20th century,
substantial regrowth occurred in understories in the
area.

Harvest of forest lands in the assessment area
increased until the turn of the 20th century and then
began a steady decline. During the 1930s, much of
the land was transferred to public management under
the National Forest System and was reforested.

In Illinois and Indiana, some of the uplands

were planted to nonnative pine, and some of the
floodplains were planted to yellow-poplar (U.S.
Forest Service 2006a). Between 1962 and 1985, the
upland oak-hickory forests decreased by 12 percent
and maple-beech forests increased more than tenfold
(Hahn 1987).

European settlement also dramatically altered fire
regimes in the area, shifting fire-return intervals and
reducing fire in many areas that previously depended
on it. The following section contains further
discussion on the changes in fire regime.

Primary Stressors and Threats

Forests and other natural communities within the
assessment area currently face a number of stressors
and threats (Table 9). Alteration of the landscape

by human activities continues to be arguably the
greatest threat to the ecological integrity of the

area. Past forest harvesting and land conversion

has led to an altered, fragmented landscape.

Other major threats include shifts in fire regime,
nonnative invasive species, insect pests, and disease.
Additional threats may be important to particular
geographic areas or community types. This section
describes many substantial threats to the forest
ecosystems within the assessment area.

Table 9.—Current major stressors to natural communities, by type

Community

Major current stressors and impacts

Reference

Dry-mesic upland forest

shortleaf pine in the west.

White-tailed deer browsing limits oak seedling establishment in

some areas.

Oak decline causes mortality of red, black, and scarlet oak in

the Missouri Ozarks.

Invasive plants such as garlic mustard, Japanese honeysuckle,
bush honeysuckle, autumn olive, Japanese stiltgrass, and
multiflora rose outcompete native vegetation.

Oak wilt causes damage and mortality to red and white oak

species.

Reduced fire frequency has led to an increase in mesic species
such as red and sugar maple in the east and a reduction in

Batek et al. (1999),
Fralish and McArdle (2009),
Shang et al. (2007)

McEwan et al. (2011)

Fan et al. (2011), Shifley et al.
(2006), Woodall et al. (2005)

Emery et al. (2011),
Gibson et al. (2002),
Olson et al. (2004)

Rexrode and Brown (1983)

There is a potential for gypsy moth to spread to this community
type, leading to a reduction in oak species.
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Table 9 (continued)

Community

Major current stressors and impacts

Reference

Mesic upland forest

Reduced fire frequency has led to a decrease in oak species and
an increase in fire-sensitive species from historic levels.

White-tailed deer browsing reduces height and reproduction
ability in herbaceous species.

Invasive plant species such as princesstree, silktree, garlic
mustard, creeping charlie, Japanese stiltgrass, honeysuckles,
and tree-of-heaven outcompete native vegetation.

Fungal diseases lead to defoliation and mortality of many
dominant tree species.

Forest tent caterpillar defoliation leads to reduced growth of
many hardwood species.

There is a potential for emerald ash borer and gypsy moth to
spread to this community type, leading to a reduction in ash
and oak species.

Fralish and McArdle (2009)

Webster et al. (2001)

Olson et al. (2004)

Burns and Honkala (1990)

Scarbrough and Juzwik (2004)

Mesic bottomland forest

Drainage for agricultural use has led to losses of this
community type

White-tailed deer browsing reduces stature of oak and
hackberry, potentially leading to a reduction in these species.

Changes in flood regime and a rising water table can lead to
shifts in species composition and loss of diversity.

Dutch elm disease has led to a reduction in the elm component
from historical levels.

Sedimentation from upland soil erosion and channelization
leads to shifts in vegetation composition.

Invasive plants such as wintercreeper, Chinese yam/cinnamon
vine, Japanese knotweed, Japanese stiltgrass, creeping jenny,
creeping charlie, Japanese hop, garlic mustard, and reed canary
grass outcompete native species.

Feral hogs’ rooting and feeding behavior can cause severe
damage to native wildlife and plant communities.

Anfinson (2003),

Nelson et al. (2009)

Ruzicka et al. (2010)

Romano (2006)

Phillippe and Ebinger (1973)

Oswalt et al. (2005)

Lavergne and Molofsky (2207),
Nelson et al. (2009), Romano (2010)

Pierce and Martensen (2009)

Wet-mesic bttomland

(see mesic bottomland forest)

Wet bottomland

(see mesic bottomland forest)

There is a potential for emerald ash borer to spread to this
community type, leading to a reduction in ash species.

Flatwoods

Reduction in fire frequency has led to a reduced groundcover
diversity and woody species encroachment in some areas.

Past overgrazing has led to a reduction in native understory
diversity.

Conversion to invasive cool-season grasses and fescue has led
to a reduction in native understory species.

Taft (2005), Taft et al. (1995)

Faber-Langendoen (2001a)

Burns and Honkala (1990)

(Table 9 continued on next page)
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Table 9 (continued)

Community

Major current stressors and impacts

Reference

Open woodland

Past harvesting of shortleaf pine has led to a reduction in the
shortleaf pine component in Missouri compared to the early
20th century.

Reduced fire frequency has led to a reduction in shortleaf
pine (in Missouri) and an increase in woody species in the
understory compared to presettlement conditions.

Oak decline causes mortality of red, black, and scarlet oak in
the Missouri Ozarks.

Invasive species such as sericea lespideza, yellow sweetclover,
crown vetch, Oriental bittersweet, garlic mustard, common
periwinkle, multiflora rose, Japanese honeysuckle, bush
honeysuckle, and autumn olive outcompete native vegetation.

Eastern redcedar encroachment crowds out native understory
vegetation.

Insect attack by Nantucket pine tip moth, redheaded sawfly,
and reproduction weevils causes mortality in young shortleaf
pine.

Oak wilt causes damage and mortality to red and white oak
species.

Tremain et al. (2007)

Batek et al. (1999)

Fan et al. (2011), Shifley et al.
(2006), Woodall et al. (2005)

Olson et al. (2004)

Hanberry et al. (2012)

Burns and Honkala (1990)

Rexrode and Brown (1983)

Closed woodland

Past harvesting of shortleaf pine has led to a reduction in that
species in Missouri compared to the early 20th century.

Reduced fire frequency has led to a reduction in shortleaf pine
(in Missouri) compared to presettlement conditions and an
increase this community type.

Oak decline causes mortality of red, black, and scarlet oak in
the Missouri Ozarks.

Invasive species such as garlic mustard, Japanese honeysuckle,
bush honeysuckle, autumn olive, Japanese stiltgrass, and
multiflora rose outcompete native vegetation.

Insect attack by Nantucket pine tip moth, redheaded sawfly,
and weevils causes mortality in young shortleaf pine.

Oak wilt causes damage and mortality to red and white oak
species.

Tremain et al. (2007)

Batek et al. (1999)

Fan et al. (2011), Shifley et al.
(2006), Woodall et al. (2005)

Olson et al. (2004)

Burns and Honkala (1990)

Rexrode and Brown (1983)

Savanna

Conversion to agriculture has led to a dramatic loss of this
community type on the landscape, making remnants highly
fragmented.

Reduced fire frequency has led to encroachment of woody
and shade-tolerant species that out-compete shade-intolerant
understory vegetation.

Invasive species such as autumn olive, multiflora rose, teasel,
garlic mustard, white and yellow sweetclover, sericea lespideza,
and spotted knapweed outcompete native vegetation.

Nuzzo (1986)

Bowles and McBride (1998)

Olson et al. (2004)
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Table 9 (continued)

Community Major current stressors and impacts Reference
Barrens Reduction in fire frequency has led to conversion to forestand ~ Anderson et al. (2000), Heikens and
lower understory species diversity. Robertson (1995), Taft (2003)
Conversion to fescue reduces understory diversity. MDC 2013(d)
Invasive species such as autumn olive, multiflora rose, teasel, Olson et al. (2004)
garlic mustard, white and yellow sweetclover, sericea lespideza,
and spotted knapweed outcompete native vegetation.
Prairie Conversion to agriculture has led to a loss of more than 99 Samson and Knopf (1994)
percent of former area, leaving highly fragmented remnants.
Loss of fire has led to a reduction in herbaceous species Leach and Givnish (1996)
diversity and an increase in woody species in many prairie
remnants.
Invasive species, including sericea lespedeza, yellow sweet Smith and Knapp (2001)
clover, spotted knapweed, common teasel, crown vetch, cheat
and brome grasses, plume grass, meadow fescue, and tall
fescue outcompete native vegetation.
Glade Soil erosion is leading to reduced soil depth and susceptibility Ware (2002)
to drought.
Loss of fire has led to Eastern redcedar invasion and a Guyette and McGinnes (1982),
reduction in glade species. Ware (2002)
Overgrazing has led to soil erosion, loss of species diversity, and Guyette and McGinnes (1982)
Eastern redcedar invasion.
Feral hog digging and rooting leads to soil erosion and loss of Nelson (2010)
biodiversity.
Invasive species, including sericea lespedeza, yellow sweet Nelson and Fitzgerald (2013)
clover, spotted knapweed, common teasel, crown vetch, cheat
and brome grasses, plume grass, meadow fescue, and tall
fescue outcompete native vegetation.
Fragmentation from road building and development. Nelson and Fitzgerald (2013)
Fen Previous grazing and fire suppression has led to woody species  Bowles et al. (1996)

encroachment which has reduced herbaceous species diversity.

Drainage and conversion to agriculture and pasture has led to a
reduction in native species diversity and altered hydrology.

Invasive species such as purple loosestrife, narrow-leaved
cattail, common reed, and reed canarygrass outcompete native
vegetation.

Groundwater contamination from development leads to loss of
biodiversity.

Mills (2010)

Lavergne and Molofsky (2007)

Panno et al. (1999)

(Table 9 continued on next page)
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Table 9 (continued)

Community

Major current stressors and impacts

Reference

Seeps and springs

Pollution from agricultural runoff and livestock waste may

Faber-Langendoen (2001b)

eliminate some aquatic species that are very sensitive to water

quality.

Grazing or ditching can reduce site quality.

Swamp

distribution.

Fungal attack causes a brown pocket rot known as “pecky

Agricultural development, which has led to altered hydrology
and habitat fragmentation, alters seedbank composition and

Middleton (2003),
Middleton and Wu (2008)

Burns and Honkala (1990)

cypress” that damages the heartwood of living baldcypress

trees.

Various insect species can cause defoliation of baldcypress.

Nutria clip or uproot newly planted cypress seedlings, leading

to seedling death.

Burns and Honkala (1990)

Conner et al. (1987)

Fragmentation and Land-use Change

European settlement led to development and
fragmentation of the landscape across the assessment
area, resulting in a patchwork of public and private
parcels of natural, agricultural, and developed lands.
As mentioned earlier, 43 percent of the assessment
area is now agricultural land and about 8 percent is
now developed land (Fry et al. 2011). In addition,
remaining forest land is often heavily dissected

by roads, private property, trails, and utility lines.
Forests in the assessment area are much more
heavily fragmented than forests in the northern Great
Lakes and Appalachians, but are less fragmented
than the northern portions of each state, as measured
by the percentage of interior forest in each county
(U.S. Forest Service 2011b). Fragmentation of
natural landscapes creates isolated populations that
are unable to migrate easily and exchange genetic
information, leading to a reduction in biological

and genetic diversity (Fahrig 2003, Harrison and
Bruna 1999, Robinson et al. 1995). It also leads to
increased incidence of edges along forest boundaries
(Sisk et al. 1997).
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Fragmentation and land-use change were cited as the
number one issue facing forests in Indiana, based on
a survey conducted as part of the Indiana Statewide
Forest Assessment (INDNR 2010). It was also listed
as a major issue of concern in Missouri’s Forest
Resource Assessment and Strategy (MDC 2010).
Housing growth, particularly in rural areas, can

lead to forest fragmentation and nonnative species
invasions (Radeloff et al. 2005, 2010). Ecoregions
in southern Missouri have had particularly high
growth in rural sprawl compared with much of

the Midwest (Radeloff et al. 2005). In addition,
Indiana forests have the highest housing density
surrounding them in the entire Midwest (Radeloff et
al. 2005). By contrast, the central Ozarks in Missouri
represent some of the least fragmented forests in

the Midwest and are therefore of high conservation
value (Radeloff et al. 2005). Housing growth from
1940 to 2000 within 30 miles of national forests in
the Central Hardwoods Region varied by forest. The
Mark Twain National Forest underwent the highest
growth (greater than 400,000 new units), followed
by the Hoosier (200,000 to 300,000 new units), and
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the Shawnee National Forests (100,000 to 200,000
new units; Radeloff et al. 2010). Housing growth
rates for all forests were substantially lower than
for forests in the western United States.

Fragmentation and edge effects from wildlife
openings on the Shawnee National Forest have
declined since 1992, due to the general reduction

in wildlife-opening management across the forest.
There also have been small amounts of reduction in
edges, especially agricultural edges on private lands
within the forest boundary, linked to the forest’s
acquisition and land-consolidation programs and to
conservation reserve programs administered by the
Natural Resources Conservation Service on private
lands. All of these factors have resulted in improved
habitat quantity and quality for species associated
with mature hardwood forests. These habitat
improvements appear to have had some beneficial
effects locally on species such as the wood thrush,
but do not yet appear to have had a similar and
associated effect on populations of these species

at state and regional levels.

The Indiana Statewide Forest Assessment (INDNR
2010) lists fragmentation or conversion of forests
to another use as the most important threat to
sustaining the forests of Indiana. The assessment
area contains more contiguous forest land than the
northern portion of the state. The Hoosier National
Forest is working to reduce fragmentation from
permanent wildfire openings by organizing these
habitat features into complexes and reducing the
number of them across the landscape. A primary
objective of the land acquisition program on the
Hoosier is to acquire properties that consolidate
the forest’s ownership.

Shifts in Fire Regime

The assessment area has undergone dramatic shifts
in fire regime over the past several hundred years,
and these shifts threaten the character of the natural

communities in the area. The historical role of fire
in the development and maintenance of oak forests
has been well established across much of the eastern
deciduous biome (Abrams 1992, Brose et al. 1999,
Lorimer 1985). Both natural and human-caused fire
has been a component of southern Illinois, Indiana,
and Missouri for thousands of years (Abrams 1992,
Heikens and Robertson 1995, Ruffner and Abrams
2003).

It is generally accepted that European settlement
during the 19th century shortened fire-return
intervals throughout the assessment area compared
to previous levels. Fire history studies for the
Missouri Ozarks indicate that fire-return intervals
during the period of Native American habitation
(1701 to 1820) averaged about 12 years, compared
to an average of 4 years during Euro-American
settlement (Guyette and Cutter 1991). Similar shifts
from longer to shorter return intervals have been
noted for the Central Hardwoods forests of southern
Illinois and Indiana as well (Olson 1996, Parker
and Ruffner 2004). Regional studies reporting fire
histories from the 19th century indicate that fire-
ignitions were high at that time due to farmers
clearing underbrush from the forest (Miller 1920,
Robertson and Heikens 1994).

During the 20th century, numerous laws and local
bans on fire marked the beginning of major efforts
to control wildfires. After wildfire controls were
enacted, the effects of periodic fire in maintaining
healthy forests were removed from the ecosystem.
Numerous authors suggest that a growing shift in
species composition occurred during this time across
much of southern Illinois and Indiana when fire-
intolerant species, such as sugar maple, began to
replace fire-adapted oak and hickory species (Fralish
etal. 1991, Lorimer 1985, Nowacki and Abrams
2008). The exclusion of fire or other disturbances
from mature oak-hickory forests has altered the
ecology of these ecosystems, to the detriment of
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Y

Sunbeamis filtering through smoke on a prescribed burn on the Hoosier National Forest. Photo by Teena Ligman, Hoosier National

Forest.

established oak regeneration (Van Lear and Johnson
1983). The negative effects of the lack of fire on
grassland communities, barrens, and populations of
shortleaf pine have also been documented (Anderson
et al. 2000, Stambaugh et al. 2002).

Invasive Species

Invasive species—organisms that are not native

to the ecosystems under consideration and whose
introduction causes or is likely to cause economic or
environmental harm or harm to human health—are
of concern not only in the Central Hardwoods
Region but also nationwide because they compete
with native species and can lead to other detrimental
ecological and economic effects (Mack et al.
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2000). The Indiana Statewide Forest Assessment
listed nonnative species invasions as the third most
important issue facing forests in the state (INDNR
2010). Some of the most common and problematic
invasive plant species in the assessment area are
listed in Appendix 4. Although invasive plants and
larger animals are what often come to mind when
considering invasive species, invasive insect species
and diseases can be among the most disruptive to
forest communities (see next section).

Invasive plant species can have a serious adverse
effect on biological, economic, social, and aesthetic
values in the region. Invasive plant species can

be introduced into native ecosystems by the
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transportation of seed on vehicles, equipment, or
the soles of shoes; in manure from domestic or
wild animals; or via wind and water. Across the
assessment area, invasive vines, shrubs, and herbs
and grasses can all be found, and are generally
more common in fragmented areas and near roads
than in large areas of intact forest cover (Fan et

al. 2013, Flory and Clay 2006, Yates et al. 2004).
Invasive vines, such as Japanese honeysuckle, are
more common in the assessment area than in the
Midwest as a whole (Fan et al. 2013). Some species
of particular concern in the area include Japanese
stiltgrass and sericea lespedeza (Brandon et al. 2004,
Gibson et al. 2002). These species are somewhat
fire tolerant, so they pose problems for areas where
historical fire regimes are being restored (Emery

et al. 2011, Flory and Lewis 2009). In addition,
disturbance by herbivores such as white-tailed deer
has been shown to increase success of invasive
plant species in the area, such as Japanese stiltgrass
(Knight et al. 2009, Webster et al. 2011).

Invasive vertebrate species can also have strong
environmental and economic effects across the
United States, including the assessment area
(Pimentel et al. 2001). Feral hogs are a particular
problem in the Missouri portion of the assessment
area, causing severe damage to glades, bottomland
forests, and wetlands through their rooting,
wallowing, and feeding behavior (MDC 2013a). In
rivers throughout the assessment area, nonnative fish
species such as several species of carp can reduce
water quality and outcompete natives (Garvey et al.
2010).

Insects and Disease

Trees in the Central Hardwoods Region are currently
vulnerable to numerous diseases and insects, many
of which are also nonnative invasive species (see
Appendixes 5 and 6). Chestnut blight and Dutch

elm disease have had devastating effects on their
hosts across the area (Scarbrough and Juzwik 2004).
In Missouri, oak decline, caused by a complex of

biological and physical factors, has had a major
negative influence on the health of species in the
red oak group (Dwyer et al. 1995, Fan et al. 2006,
Jenkins and Pallardy 1995, Wang et al. 2008).
Factors such as stand age, site conditions, and
drought, can predispose these species to secondary
attack by insects and pathogens (see Box 15 in
Chapter 5).

A current emerging threat in the Central Hardwoods
Region is emerald ash borer, which has the potential
to completely wipe out populations of all ash species
in the region (MacFarlane and Meyer 2005). The
emerald ash borer has killed tens of millions of ash
trees across the Midwest and Northeast (Emerald
Ash Borer Info 2013). This devastation has cost
municipalities, property owners, nursery operators,
and forest products companies tens of millions of
dollars. The Hoosier National Forest is working with
the State of Indiana to slow ash mortality and reduce
the population of the nonnative insect that occurs in
south-central Indiana. The insect is also present in
parts of southern Missouri.

In addition to the threats listed, numerous threats
outside the assessment area are emerging that could
affect Central Hardwoods forests in the near future
(Scarbrough and Juzwik 2004). These pests and
diseases include gypsy moth, thousand cankers
disease, sudden oak death, and southern pine beetle.
In 2009, gypsy moth treatments were conducted

on the Hoosier National Forest and seem to have
sharply reduced the local population. Monitoring of
this species will continue.

Loss of Soil

Soil loss and erosion has occurred over the entire
assessment area, and is one of the major stressors

to ecosystems in the region. Soil and water
conservation was listed as the second most important
issue facing Indiana’s forest resources in the recent
Indiana Statewide Forest Assessment (INDNR
2010). According to the report, much of southern
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Indiana is considered at “severe” risk for soil erosion
(INDNR 2010). Throughout the Indiana and Illinois
portions of the assessment area, it is estimated that
25 to 75 percent of the surface horizon has been lost
in some areas, primarily from timber harvests and
agriculture (Ponder 2004). This loss of important
topsoil has led to loss of nutrients and organic
matter, leading to decreased soil water-holding
capacity and ultimately a decrease in productivity.
The use of best management practices in the
assessment area can reduce the risk of soil erosion
on forest soils, and use of these practices has led to
a reduction in potential erosion in portions of the
assessment area (U.S. Forest Service 1999d).

Overgrazing and Overbrowsing

Overgrazing and overbrowsing can be a stressor in
some portions of the assessment area. Overgrazing
by domestic livestock was pervasive throughout the
Missouri Ozarks until the mid-1960s, when much
of the landscape was subject to open-range grazing.
Overgrazing has led to reductions in grass and forb
groundcover and resulted in soil loss and erosion of
gravel into Ozark streams (Nelson 2010). Watershed
hydrology has consequently changed, with
increased runoff (even under dense, overstocked
canopies) and subsequent moisture loss from the
landscape. Overgrazing and overbrowsing have also
dramatically reduced or eliminated flower and seed
production, thereby decreasing the abundance of
insect populations important for foraging by birds
and bats.

White-tailed deer overbrowsing is becoming evident
in the assessment area as well. In Missouri, the
deer population increased dramatically over the
20th century, reaching a statewide population of
1.4 million (Sumners et al. 2012). Deer
overabundance has necessitated special hunts to
reduce population size in Missouri state parks,
urban areas, the Ozark National Scenic Riverways,
and other lands. The effects of overabundant

deer populations have been major problems in
fragmented forests in Illinois and Indiana as well
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(Hurley et al. 2012, Ruzicka et al. 2010). Hunts have
been used statewide in Indiana for nearly 20 years to
reduce deer populations in state parks.

Extreme Weather Events

Current climate- and weather-related events include
wind-disturbance, winter storms, droughts, and
floods (see Chapter 3). Tornadoes and downbursts
are frequent features on the landscape. These events
can be seen as threats in some cases, but also as
important disturbance mechanisms for removing
overstory trees and creating early successional
habitat (reviewed in Parker and Ruffner 2004).
Snow and ice damage occurs occasionally in the
assessment area, and can cause damage to species
such as eastern redcedar, yellow-poplar, American
basswood, American elm, and sweetgum; white

oak and shagbark hickory appear less susceptible
(Parker and Ruffner 2004, Rebertus et al. 1997).
Drought in the area can lead to reduced growth rates
and death of mesic species on drier sites, as well as
secondary effects of fire and pest infestations (Parker
and Ruftner 2004). Current and future projected
impacts of extreme weather events on forests in the
assessment area are reviewed in Chapter 5.

CURRENT LAND MANAGEMENT
TRENDS

Public Lands

Public lands in the assessment area are managed
for a variety of goals and objectives, including
recreation opportunities, wildlife habitat, timber
production, and conservation of rare and endangered
species. Although timber production continues to
be important in many areas, there has also been an
increased interest in the restoration of historical
vegetation and natural communities. An increased
awareness of the role of fire in maintaining natural
communities has led to a shift from a goal of fire
suppression during the mid-20th century toward the
use of prescribed fire (Parker and Ruffner 2004).
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Prescribed Fire

Prescribed fire is a primary tool used to maintain

or restore the dominance of oak and other fire-
adapted species on the Central Hardwoods landscape
(Abrams 2005, Van Lear et al. 2000). Oaks have
several adaptive features that enable them to survive
periodic fire, including thick bark and the ability

to re-sprout vigorously from dormant buds at the
base of the tree when the bole has been topkilled
(Lorimer 1985). Fire can also reduce acorn predation
by insects and rodents (Galford et al. 1988, Lorimer
1985). Maples, by contrast, are susceptible to

fire because these trees are thin barked and have
seedlings that suffer high mortality due to both
rootkill and topkill. Studies have documented the
beneficial effects of prescribed fire to foster oak
regeneration and reduce competing mesophytic
species in forest lands, but effects can vary with
burn regime, season, and stem diameter of trees in

a particular stand (Brose et al. 2012, Ruffner and
Groninger 2006).

Prescribed fire is also a primary tool to restore other
historical vegetation and fire-dependent natural
communities. Fire has been shown to help perpetuate
barrens communities, where many threatened,
endangered, and sensitive species occur (Anderson
and Schwegman 1971). It is also used to restore the
understory and improve wildlife habitat in shortleaf
pine systems (U.S. Forest Service 1999d). The use
of prescribed fire to maintain unique vegetation and
habitats in glades and oak savannas has also been
noted (Parker and Ruftner 2004).

Use of prescribed fire has increased over the past
several decades across the assessment area. Publicly
managed forests in southern Illinois have been

using fire since the mid-1980s (Parker and Ruffner
2004). The Shawnee National Forest 2006 Land
Management Plan anticipates 124,389 acres of
prescribed burning forest-wide over a 10-year period
(U.S. Forest Service 2006). To date, about 5,000 to
6,000 acres of prescribed burning occur in a given
year. The Mark Twain National Forest’s use of

prescribed fire has increased from 8,000 to 10,000
acres per year in the mid-1990s and early 2000s to
an average of 30,000 acres per year currently. Since
implementing the 2006 Land Management Plan,
prescribed burns on the Hoosier National Forest
have averaged about 1,664 acres per year, with

a high of 2,583 acres in 2009 (J. Perez, Hoosier
National Forest, personal comm.).

Timber Harvest

Timber harvests are still a component of forest
management on public lands in the assessment

area. In the past several decades, clearcut harvests

in Missouri have been virtually eliminated in

favor of other silvicultural techniques such as

the shelterwood and seed-tree methods (U.S.

Forest Service 1999d). Likewise, the shelterwood
technique is a primary timber management technique
anticipated on the Shawnee National Forest (U.S.
Forest Service 2006a). Clearcutting is still one of the
primary techniques to remove nonnative pine species
on the Hoosier National Forest, along with group
selection, shelterwood, and single tree selection
techniques (U.S. Forest Service 2006b). Once trees
are harvested, most hardwood species are allowed to
regenerate naturally, whereas artificial regeneration
is generally used for shortleaf pine in Missouri

(U.S. Forest Service 1999d).

In Missouri, statewide harvest removals were
estimated at 1,760 million board feet (mmbf) in
2010, a 13-percent increase from 2005 (Moser et

al. 2011). The amount of timber sold by the Mark
Twain National Forest has averaged about 46 mmbf
per year over the last 5 years (Periodic Timber Sale
Accomplishment Reports [PTSAR] 2012). This
amount is an increase from an average of 34 mmbf
between 1996 and 2005, but below the 1986 to 1995
average of 62 mmbf. The sale quantity has ranged
from a high of 79 mmbf in 1987 to a low of 13 in
2001. Oak, predominantly black and scarlet, makes
up on average 78 percent of the total, with shortleaf
pine composing the rest.
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In Illinois, timber harvests showed a dramatic
increase from 1960 to the early 1980s, but have
since declined (ILDNR 2010). Of the harvests that
occur currently, the majority take place on private
lands. Statewide, annual harvest removals were
estimated at 505 mmbfin 2011 (Crocker 2012).
Timber removals are low in public lands in Illinois,
and the Shawnee National Forest in particular.
According to the 2006 Shawnee National Forest
Land Management Plan, maximum probable timber
harvests from combined management activities
would be about 6 mmbf per year for the next 10
years, but actual harvests have not yet occurred
(U.S. Forest Service 2006b). There have been no
timber sales on the Shawnee National Forest in
nearly 20 years because of a number of factors.

Across Indiana, harvest removals were estimated at
907 mmbfin 2011, a 13-percent increase from 2007
(Woodall and Gallion 2012). Timber harvests on
the Hoosier National Forest have averaged 7 mmbf
per year from 2007 to 2011 under the current land
management plan (PTSAR 2012).

Private Lands

As mentioned earlier in the chapter, about 80
percent of forested land in the Central Hardwoods
Region is privately owned, and these private lands
account for the majority of timber harvested on

the landscape. The majority of these lands lack a
specific management plan (Butler 2008). However,
several programs exist to provide incentives to
private landowners in the region for the development
of management plans in order to ensure long-term
sustainability of forest resources.

National programs for forest certification on these
private lands include the Sustainable Forestry
Initiative (SFI), Forest Stewardship Council
(FSC), and American Tree Farm System. These
programs help landowners develop sustainable
forestry practices. Products from these sustainably
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managed forests are tracked over time from harvest
to purchase, allowing consumers to purchase forest
products that they know are produced in the most
sustainable way. It is projected that consumer
demand for these products will grow, providing a
market incentive for certified wood products, and
thus sustainable forest management. Currently, there
are 146,235 acres of FSC land in Missouri, 1,794
acres in Illinois, and 676,370 acres in Indiana. In
Indiana, 148,019 acres are dual certified as SFI, and
528,351 are dual certified as Tree Farm (Pingrey
2011).

CHAPTER SUMMARY

The climate, geology, and soils of the Central
Hardwoods Region of Missouri, Illinois, and
Indiana support a mosaic of natural communities
dominated by oak and hickory species. These
communities supply important benefits to the people
of the area, including forest products and recreation
opportunities. Past changes in climate, fire regime,
and land use have shaped the landscape into its
current condition. About half of the land in the area
has been converted to agriculture or developed for
industrial or residential use. Many of the remaining
forests on the landscape are less open and contain
more mesophytic species such as sugar maple than
before European settlement. Shifts in fire regime,
habitat fragmentation, species invasions, insect pests
and diseases, and other alterations to the landscape
threaten the integrity and diversity of the ecosystems
and the benefits they provide these ecosystems.
Management on public lands in recent decades has
focused on reducing these stressors and improving
ecosystem function. About 80 percent of the forested
land in area is privately owned, however, and the
majority of these lands lack a management plan.
New opportunities and incentives have arisen in
recent years to help private and public land managers
to restore and conserve the ecosystems of the Central
Hardwoods systems for future generations.



CHAPTER 2: CLIMATE CHANGE SCIENCE

AND MIODELING

This chapter provides a brief background on climate
change science, models that simulate future climate,
and models that project the effects of changes in
climate on species and ecosystems. Throughout

the chapter, boxes point to recent nontechnical
reports based on the best available science. A more
detailed review of climate change science, trends,
and modeling can be found in the Intergovernmental
Panel on Climate Change (IPCC) Fourth Assessment
Report (IPCC 2007).

CLIMATE CHANGE

Climate is not the same thing as weather. Weather
is a set of the meteorological conditions for a given
point in time in one particular place (such as the
temperature at 3:00 p.m. on June 22 in St. Louis).
Climate, in contrast, is the average, long-term

(30 years or more) meteorological conditions and
patterns for a geographic area. The [IPCC (2007:
30) defines climate change as “a change in the state
of the climate that can be identified (e.g., by using
statistical tests) by changes in the mean and/or the
variability of its properties, and that persists for an
extended period, typically decades or longer.” A
key finding of the IPCC in its Fourth Assessment
Report (IPCC 2007) was that “warming of the
climate system is unequivocal.” This was the first
assessment report in which the IPCC considered the
evidence strong enough to make such a statement.
Current observations of higher global surface, air,
and ocean temperatures and thousands of long-term
(more than 20 years) data sets from all continents
and oceans contributed to this conclusion. These
data sets showed significant changes in snow, ice,
and frozen ground; hydrology; coastal processes;

and terrestrial, marine, and biological systems. The
IPCC’s Fifth Assessment Report is underway and
scheduled to be released in 2014. The United States
Global Change Research Program has released a
series of reports detailing the past and projected
changes in climate at a national level, with a
comprehensive report (National Climate Assessment
[NCA]) scheduled to be released in 2014 (see Box 5
for more information).

The Warming Trend

The Earth is warming, and the rate of warming

is increasing (IPCC 2007, Raupach et al. 2007).
Measurements from weather stations across the
globe indicate that the global mean temperature

has risen by 1.4 °F (0.8 °C) over the past 50 years,
nearly twice the rate of the last 100 years (IPCC
2007) (Fig. 9). Including 2012, all 12 years to date in
the 21st century rank among the warmest 14 years in
the 133-year period of record of global temperature
(National Oceanic and Atmospheric Administration
[NOAA], National Climatic Data Center [NCDC]
2012). Temperatures in the United States have risen
by 2 °F (1.1 °C) in the last 50 years (Karl et al.
2009). The 2012 continental U.S. average annual
temperature of 55.3 °F was 3.3 °F above the 20th-
century average, and was the warmest year in the
1895 through 2012 period of record for the nation
(NOAANCDC 2013).

Average temperature increases are just one aspect
of a more complex and wide-ranging set of climate
changes. For example, the frequency of cold days,
cold nights, and frosts has decreased over many
regions of the world while the frequency of hot
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Figure 9.—Trends in global temperature compared to the 1951 to 1980 mean. Data source: NASA Goddard Institute for Space
Studies. Image courtesy of NASA Earth Observatory, Robert Simmon; www.giss.nasa.gov/research/news/20120119.
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days and nights has increased (IPCC 2007). The
frequency of heat waves and heavy precipitation
events has increased over this period, with new
records for both heat and precipitation in portions
of the United States in July 2011 and March 2012
(NOAA NCDC 2012). Global rises in sea level,
decreasing extent of snow and ice, and shrinking of
mountain glaciers have all been observed over the
past 50 years, and are consistent with a warming
climate (IPCC 2007).

Average temperature increases of a few degrees may
seem small, but even small increases can result in
substantial changes to the severity of storms, the
nature and timing of precipitation, droughts and heat
waves, ocean temperature and volume, and snow
and ice—all of which affect humans and ecosystems.
Increases of more than 3.6 °F (2 °C) above the
average temperature are expected to cause major
societal and environmental disruptions through

the rest of the century and beyond (Richardson et

al. 2009). The synthesis report of the International
Scientific Congress on Climate Change concluded
that “recent observations show that societies and
ecosystems are highly vulnerable to even modest
levels of climate change, with poor nations and
communities, ecosystem services and biodiversity
particularly at risk” (Richardson et al. 2009: 12).

Based on available evidence, 97 percent of the
climate science community attributes this increase in
temperature and associated changes in precipitation
and other weather events to human activities
(Anderegg et al. 2010, Doran and Zimmerman
2009, Stott et al. 2010). Scientists have been able
to attribute these changes to human causes by
using climate model simulations of the past, both
with and without human-induced changes in the
atmosphere, and then comparing those simulations
to observational data. Overall, these studies have
shown a clear human effect on recent changes

in temperature, precipitation, and other climate
variables due to changes in greenhouse gases and
particulate matter in the air (Stott et al. 2010).

Chapter 3 provides specific information about recent
climate trends for the assessment area.

The Greenhouse Effect

The greenhouse effect is the process by which
certain gases in the atmosphere absorb and re-emit
energy that would otherwise be lost into space
(Fig. 10). This greenhouse effect is necessary for
human survival: without it, Earth would have an
average temperature of about 0 °F (-18 °C) and

be covered in ice, rather than a comfortable 59 °F
(15 °C). Several naturally occurring greenhouse
gases in the atmosphere, including carbon dioxide
(CO,), methane (CH,), nitrous oxide (N,0), and
water vapor, contribute to the greenhouse effect.
Water vapor is the most abundant greenhouse gas;
its residence time in the atmosphere, however, is on
the order of days as it quickly responds to changes
in temperature and other factors. Carbon dioxide,
CH,, N,O, and other greenhouse gases reside in the
atmosphere for decades to centuries. Thus, these
other long-lived gases are of primary concern with
respect to long-term warming.

Human Influences on Greenhouse Gases

Humans have increased the concentrations of CO,,
CH,, and N,O in the atmosphere since the beginning
of the industrial era (Fig. 11). More CO, has been
released by humans into the atmosphere than any
other greenhouse gas. In the United States, the
average person releases about 17.3 metric tons of
CO, per year, more than twice as much per person
as in China or European countries (Olivier et al.
2012). Carbon dioxide levels increased at a rate of
1.4 parts per million (ppm) per year from 1960 to
2005 (IPCC 2007), and reached an average of 395
ppm in January 2013 (Tans and Keeling 2013). In
recent decades, fossil fuel burning has accounted for
an estimated 83 to 94 percent of the human-induced
increase in CO,. The remaining 6 to 17 percent of
human-induced emissions comes primarily from
deforestation and degradation of land for conversion
to agriculture, which releases CO, when forests burn
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Solar radiation powers
the climate system.

Some solar radiation
is reflected by
the Earth and the
atmosphere.

About half the solar radiation
is absorbed by the

Earth’s surface and warms it. Infrared radiation is
emitted from the Earth’s

surface.

Figure 10.—An idealized model of the natural greenhouse effect. Source: IPCC (2007).

Figure 11.—Concentrations of greenhouse gases
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or decompose (van der Werf et al. 2009). However,
increases in fossil fuel emissions over the past
decade mean that the contribution from land-use
changes has become a smaller proportion of the total
(Le Quére et al. 2009).

Methane is responsible for approximately 14 percent
of greenhouse gas emissions (IPCC 2007). Methane
concentrations in the atmosphere have also increased
over the past century as a result of human activities,
such as raising livestock and growing rice. Livestock
production is responsible for 35 to 40 percent of
global CH, emissions, primarily from fermentation
in the guts of cattle and other ruminants (Steinfeld

et al. 2006). Rice production, the second largest
source of CH, emissions, requires wet conditions
that are also ideal for microbial CH, production.
Other human-caused sources of CH, include biomass
burning, microbial emissions from landfills, fossil
fuel combustion, and leakage of natural gas during
mining and distribution.

Nitrous oxide accounts for about 8 percent of global
greenhouse gas emissions (IPCC 2007). The primary
human source of N, O is agriculture. Increased
fertilizer use (both synthetic and animal-based)
increases emissions from soil as microbes break
down nitrogen-containing products. In addition,
converting tropical forests to agricultural lands
increases microbial N,O production. Another main
source of N,O is the combustion of fossil fuels.

Humans have reduced stratospheric ozone in the
atmosphere through the use of chlorofluorocarbons
(CFCs) in refrigeration, air conditioning, and

other applications. Restrictions against the use of
CFCs under the Montreal Protocol led to a decline
in CFC emissions and reductions in ozone have
subsequently slowed. After CFCs were banned,
another class of halocarbons, hydrofluorocarbons
(HFCs, also known as F-gases), largely replaced
CFCs in refrigeration and air conditioning. Although
HFCs do not deplete stratospheric ozone, many are

powerful greenhouse gases. Currently HFCs account
for about 1 percent of greenhouse gas emissions
(IPCC 2007).

CLIMATE MODELS

Scientists use models, which are simplified
representations of reality, to simulate future climates.
Models can be theoretical, mathematical, conceptual,
or physical. General circulation models (GCMs),
which combine complex mathematical formulas
representing physical processes in the ocean,
atmosphere, and land surface within large computer
simulations, are important in climate science. They
are used in short-term weather forecasting as well as
long-term climate projections.

General Circulation Models

General circulation models simulate physical
processes (such as the exchange of energy and the
movement of matter) in the Earth’s surface, oceans,
and atmosphere through time using mathematical
equations in three-dimensional space. They work
in time steps as small as minutes or hours and in
simulations covering decades to centuries. Because
of their complexity, GCMs require the intensive
computing power of supercomputers.

Although GCMs use highly sophisticated computers,
limits on computing power mean that projections of
future climate are limited to relatively coarse spatial
scales. Instead of simulating climate for every single
point on Earth, modelers divide the land surface,
ocean, and atmosphere into a three-dimensional grid
(Fig. 12). Each cell within the grid is able to interact
with adjacent cells (making it “spatially dynamic™).
Although there is variation, grid cells are usually
between 2 and 3° latitude and longitude. For the
middle latitudes, this is about one-quarter of the

size of Missouri. Cells are stacked in interconnected
vertical layers that simulate ocean depth or
atmospheric thickness at increments usually ranging
from 656 to 3,280 feet.
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Figure 12.—Schematic describing climate models, which are systems of differential equations based on the basic laws of physics, fluid
motion, and chemistry. The planet is divided into a three-dimensional grid that is used to apply basic equations and evaluate results.
Atmospheric models calculate winds, heat transfer, radiation, relative humidity, and surface hydrology within each grid and evaluate

interactions with neighboring points. Source: NOAA (2008).

Several GCMs have been used in climate

projections for the IPCC reports and elsewhere

(see Box 6). These models have been developed by
internationally renowned climate research centers
such as NOAA’s Geophysical Fluid Dynamics
Laboratory (GFDL CM2; Delworth et al. 2006), the
United Kingdom’s Hadley Centre (HadCM3; Pope et
al. 2000), and the National Center for Atmospheric

50

Research (PCM; Washington et al. 2000). These
models use slightly different grid sizes and differ in
the way they represent physical processes. They also
differ in sensitivity to changes in greenhouse gas
concentrations, which means that some models will
tend to project higher increases in temperature than
others under similar increases in greenhouse gas
concentrations.
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Box 6: More Resources on Climate Models and Emissions Scenarios

U.S. Forest Service

Climate Projections FAQ
www.treesearch.fs.fed.us/pubs/40614

U.S. Global Change Research Program

Climate Models: an Assessment of Strengths and
Limitations
library.globalchange.gov/sap-3-1-climate-models-an-
assessment-of-strengths-and-limitations

Like all models, GCMs have strengths and
weaknesses (see Box 7). In general, they are

useful because they are based on well-understood
physical processes. Simulations of past climates by
GCMs generally correspond well with measured
and proxy-based reconstructions of past climate.
However, GCM projections are not perfect. Climate
scientists’ understanding of some climate processes
is incomplete, and some influential climate
processes occur at spatial scales that are too small
to be modeled given current computing power.
Technological advances in computing along with
scientific advances in our understanding of Earth’s
physical processes will allow future improvements
in GCM projections.

Emissions Scenarios

General circulation models require significant
amounts of information to project future climates.
Some of this information, like future greenhouse gas
concentrations, is not known and must be estimated.
Although human populations, economies, and
technological developments will certainly affect
future greenhouse gas concentrations, they cannot
be completely foreseen. One common approach for
dealing with uncertainty about future greenhouse gas
concentrations is to develop storylines about how
the future may unfold and calculate the potential
greenhouse gas concentrations for each storyline.
The IPCC’s set of standard emissions scenarios is a

Intergovernmental Panel on Climate Change

Chapter 8: Climate Models and Their Evaluation
www.ipcc.ch/publications_and_data/ar4/wgl/en/
ch8.html

Special Report on Emissions Scenarios:

Summary for Policymakers
http://www.ipcc.ch/ipccreports/sres/emission/index.
php?idp=0

widely accepted set of such storylines (IPCC 2007).
In GCMs, the use of different emissions scenarios
results in different climate projections.

Emissions scenarios quantify the effects of
alternative demographic, technological, or
environmental developments on atmospheric
greenhouse gas concentrations. None of the current
scenarios include any changes in national or
international policies directed specifically at climate
change such as the Kyoto Protocol. However,

some of the scenarios that include a reduction in
greenhouse gases through other means suggest what
we could expect if these policies were implemented.
Six different emissions scenarios are commonly used
in model projections for reports such as the [PCC
Fourth Assessment Report (Fig. 13).

The A1FI scenario is the most fossil-fuel intensive,
and thus projects the highest future greenhouse gas
concentrations; GCM simulations using the A1FI
scenario project the highest future warming. On the
other end of the spectrum, the B1 scenario represents
a future where alternative energies decrease

our reliance on fossil fuels and greenhouse gas
concentrations increase the least. GCM simulations
using the B1 scenario project the lowest increase in
global temperature. Although these scenarios were
designed to describe a range of future emissions
over the coming decades, it is important to note that
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Box 7: Model Limitations and Uncertainty

“All models are wrong, some are useful.”
—George Box (Box and Draper 1987)

Models are conceptual representations of reality,
and any model output must be evaluated for its
accuracy in simulating any biological or physical
response or process. The overall intention is to
provide the best information possible for land
managers given the uncertainty and limitations
inherent in models.

Model results are not considered stand-alone
components of this vulnerability assessment because
there are a number of assumptions made about the
processes simulated by GCMs and impact models,
uncertainty in future greenhouse gas concentrations,
and limitations on the numbers of inputs that a
model can reliably handle. Precipitation projections
usually have much more variability among models
than do temperature projections. Regions with
complex topography contain much more diversity

in microclimates than many models can capture.
Many non-climate stressors, such as insect pests or
pathogens, can overshadow the impact of climate on
a species or community, especially in the short term.
Therefore, model results are interpreted by local
experts to identify regional caveats and limitations
of each model, and are considered with additional
knowledge and experience in the forest ecosystems
being assessed.
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We integrated fundamentally different types

of impact models into our assessment of forest
vulnerability to climate change. These models
operate at different spatial scales and provide
different kinds of information. The DISTRIB model
projects the amount of available suitable habitat

for a species. The LINKAGES model projects species
establishment probability. The LANDIS PRO model
projects changes in basal area and abundance.
There are similarities between some inputs into
these models—downscaled climate models and
scenarios, simulation time periods, and many of

the same species—but because of the fundamental
differences in their architecture, their results are not
directly comparable. Their value lies in their ability to
provide insights into how various interrelated forest
components may respond to climate change under a
range of possible future climates.

Models can be useful, but they are inherently
incomplete. For that reason, an integrated approach
using multiple models and expert judgment is
needed. The basic inputs, outputs, and architecture
of each model are summarized in this chapter with
clear descriptions of the limitations and caveats

of each model. Limitations of these models with
specific applicability to Central Hardwoods forest
ecosystems are discussed in more detail in Chapter 5.

Figure 13.—Projected global greenhouse gas emissions (in
gigatons [Gt] of carbon dioxide equivalent per year) assuming
no change in climate policies under six scenarios (B1, A1T, B2,
A1B, A2, and A1FI) originally published in the Special Report on
Emissions Scenarios (SRES) (IPCC 2000) and the 80th-percentile
range (gray shaded area) of recent scenarios published since
SRES. Dashed lines show the full range of post-SRES scenarios.
Source: IPCC (2007).
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the future will conceivably be different from any

of the developed scenarios. It is highly improbable
that future greenhouse gas emissions will be less
than described by the B1 scenario even if national
or international policies were implemented
immediately. In fact, current emissions more closely
track the greenhouse gas emissions of the A1FI
scenario, and global emissions since the year 2000
have even exceeded the A1FI scenario values in
some years (Raupach et al. 2007).

Downscaling

As mentioned previously, GCMs simulate climate
conditions only for relatively large areas. To
examine the future climate of areas within the
Central Hardwoods Region, a smaller grid scale is
needed. One method of projecting climate on smaller
spatial scales is statistical downscaling, a technique
by which statistical relationships between GCM
model outputs and on-the-ground measurements are
derived for the past. These statistical relationships
are then used to adjust large-scale GCM simulations
of the future for much smaller spatial scales.
Resolution for downscaled climate projections is
typically around 6.2 miles.

Statistical downscaling has advantages and
disadvantages (Daniels et al. 2012). It is a relatively
simple and inexpensive way to produce smaller-
scale projections from GCMs. However, statistical
downscaling assumes that past relationships between
modeled and observed temperature and precipitation
will hold true under future change, which may

or may not be true. Statistical downscaling also
depends on local climatological data. If there are

no weather stations in the area of interest, it may be
difficult to obtain a good downscaled estimate of
future climate for that area. Finally, local influences
on climate that occur at finer scales (such as

land cover type, lake-effect snow, topography, or
particulate matter) also add to uncertainty when
climate projections are downscaled.

Another approach, dynamical downscaling, uses a
regional climate model (RCM) embedded within

a GCM. Like GCMs, RCMs simulate physical
processes through mathematical representations on
a grid. However, RCMs operate on a finer resolution
than GCMs, typically ranging from 15.5 to 31.0
miles, but can be as fine as 6.2 miles or less. Thus,
they can simulate the effects of topography, land
cover, lakes, and regional circulation patterns that
operate on smaller scales.

As with statistical downscaling, dynamical
downscaling has pros and cons (Daniels et al. 2012).
It is advantageous for simulating the effects of
climate change on regional phenomena such as lake-
effect snow and extreme weather events. However,
like GCMs, RCMs require a lot of computational
power. Therefore, dynamically downscaled data

are usually available only for one or two GCMs

or emissions scenarios and for limited geographic
areas. Because dynamically downscaled data are
currently limited for the assessment area, we use
statistically downscaled data in this report.

Downscaled GCMs Used in this Report

In this assessment, we report statistically
downscaled climate projections for two model-
emissions scenario combinations: GFDL A1FI and
PCM BI1 (unless otherwise noted). Both models
and both scenarios were included in the [IPCC
Fourth Assessment Report (IPCC 2007). The latest
version of the NCA (in development) also draws
on statistically downscaled data based on [PCC
models and scenarios but uses the A2 scenario as
an upper bound, which projects lower emissions
compared to A1F1. The IPCC Assessment includes
several other models, which are represented as a
multi-model average in its reports. The NCA takes
a similar approach in using a multi-model average.
For this assessment, we instead selected two models
that simulated climate in the eastern United States
fairly accurately and that bracketed a range of
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temperature and precipitation futures. This approach
gives readers a better understanding of the level of
agreement among models and provides a range of
alternative scenarios that can be used by managers
in planning and decisionmaking. Working with a
range of plausible futures helps managers avoid
placing false confidence in a single scenario given
uncertainty in projecting future climate.

The Geophysical Fluid Dynamics Laboratory’s
Climate Model (GFDL CM2; Delworth et al. 2006)
is considered moderately sensitive to changes in
radiative forcing. In other words, any change in
greenhouse gas concentration included in the model
would lead to a change in temperature that is higher
than some models and lower than others. The
National Center for Atmospheric Research’s Parallel
Climate Model (PCM; Washington et al. 2000), by
contrast, is considered to have low sensitivity to
radiative forcing. As mentioned above, the A1FI
scenario is the highest greenhouse gas emissions
scenario used in the 2007 IPCC assessment, and is
the most similar to current trends in greenhouse gas
emissions globally. The B1 scenario is the lowest
greenhouse gas emissions scenario used in the 2007
IPCC assessment, and is thus much lower than the
trajectory of greenhouse gas emissions over the
past decade. Therefore, the two model-scenario
combinations span a large range of possible futures,
with the GFDL A1FI model-scenario combination
leading to a high-end projection of possible future
temperature increases, and the PCM B1 projecting
a low end of the range. Although both projections
are possible, the GFDL A1FI scenario represents a
more realistic projection of future greenhouse gas
emissions and temperature increases (Raupach et al.
2007). It is important to note that it is possible that
actual emissions and temperature increases could be
lower or higher than these projections.

This assessment uses a statistically downscaled

data set for the continental United States (Hayhoe
2010a). Daily mean, maximum, and minimum
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temperature and total daily precipitation were
downscaled to an approximately 7.5-mile resolution
grid across the United States. This data set uses a
sophisticated statistical approach (asynchronous
quantile regression) to downscale daily GCM output
and historical climate data (Stoner et al. 2012).

This approach is advantageous because GCM

and historical data do not need to be temporally
correlated, and it is much better at capturing extreme
temperatures and precipitation events than a linear
regression approach. This statistically downscaled
data set is different from that used in the NCA,
which uses a simpler “delta” approach (Kunkel

et al. 2013). This data set was chosen for several
reasons. First, the data set covered the entire United
States, and thus allowed a consistent data set to

be used in this and other regional vulnerability
assessments being conducted simultaneously.
Second, it included downscaled projections for the
AT1FI emissions scenario, which is the scenario

that most closely matches current trends in global
greenhouse gas emissions (Raupach et al. 2007).
Third, the availability of data at daily time steps
was advantageous because it was needed for some
impact models used in this report and provides

the opportunity to examine questions related to
growing season length, heavy precipitation events,
and droughts. Fourth, the statistical technique used
is more accurate at reproducing extreme values at
daily time steps than simpler statistical downscaling
methods (Hayhoe 2010b). Finally, the resolution
was fine enough to be useful for informing land
management decisions.

To show projected changes in temperature and
precipitation in Chapter 4, we calculated the average
daily mean, maximum, and minimum temperature
for each season and the entire year for three 30-year
time periods (2010 to 2039, 2040 to 2069, 2070

to 2099). Mean cumulative precipitation was also
calculated for each season and annually for the
same time periods. We then subtracted these values
from the corresponding 1971 to 2000 averages
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to determine the departure from current climate
conditions. Historical climate data used for the
departure analysis were taken from ClimateWizard
based on the PRISM data set (see Chapter 3 and
Appendix 7).

This data set was also used in the forest impact
models described below. Some of these models
require monthly precipitation and temperature values
as inputs, and thus daily data were summed or
averaged for each month when necessary. They also
operate on grid scales that may be larger or smaller
than the grid scale of the downscaled data set, and
grid scales of the downscaled data were adjusted
accordingly.

IMPACT MODELS

Downscaled climate projections from GCMs provide
important information about future climate, but they
tell us nothing about how climate change might
affect soil moisture, hydrology, forest composition,
or productivity. Other models, commonly called
impact models, are needed to project impacts on
physical and biological processes (Fig. 14). Impact

models use downscaled GCM projections as inputs,
as well as information such as soil types, landform,
tree species distribution, and life history traits.

Hydrology plays a key role in forest ecosystem
functioning and processing. The ways in which
hydrology drives individual trees and ecosystems
depend on precipitation, soil moisture, soil water-
holding capacity, and rate of evapotranspiration.
Precipitation itself may vary in physical form,
amount, timing, and regularity. To project future
change in hydrologic cycling, one model that is
commonly used is the Variable Infiltration Capacity
model (VIC) (Liang et al. 1994). This large-scale
hydrologic process model is similar to many

land surface models that are commonly coupled

to GCMs. The land surface is modeled on a
0.6-mile or greater grid scale based on drivers such
as precipitation, air temperature, and wind speed
and using daily time steps. Flow of water and
energy between the land and atmosphere are also
simulated at daily time steps. Model outputs can
include evapotranspiration, frozen soil formation,
snow, runoff, and hydrologic dynamics in lakes and
wetlands. Each grid cell is simulated independently

1. Emission
scenarios
developed

2. Model
projections
arerun by

and used as using GCMs

inputs

B1 or A1FI .

pcvorGroL [l 2

4.Downscaled
3. GCM GCM dataand
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are information
downscaled are used as
to a smaller inputsinto
grid scale impact
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Figure 14.—Steps in the development of climate impact models using projections from general circulation models (GCMs) and

specific steps taken in this assessment.
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without horizontal water flow, and stream flow is
simulated using a separate model. More information
about this model can be found on the model Web
site: www.hydro.washington.edu/Lettenmaier/.

In Chapters 3 and 4, we discuss the results of several
published studies that used the VIC model to project
changes in hydrology. Future climate models and
scenarios used as inputs into the VIC model are
slightly different from those used for much of the
rest of the assessment. Two models (GFDL and
Hadley CM3) for each of three future emissions
scenarios (A2, A1B, and B1) were used to address
questions about past and future changes in climate
across the Midwest related to streamflow and runoff
(Cherkauer and Sinha 2010), drought (Mishra

et al. 2010), and soil frost (Sinha and Cherkauer
2010, Sinha et al. 2010). The highest emissions
scenario analyzed (A2) does not project as high of
greenhouse gas emissions as the A1FI scenario, and
A1B is a mid-range scenario. Therefore, projections
presented for the highest emissions scenarios from
these studies indicate more modest temperature
increases than the GFDL A1FI scenario. Hadley and
GFDL are also more sensitive to changes in radiative
forcing than PCM, so the low-emissions scenario
used in the VIC model (GFDL B1) simulates slightly
greater warming than PCM B1.

Models for Assessing Forest Change

Forest impact models generally fall in one of two
main categories: species distribution models and
process models. This assessment uses one SDM,

the Climate Change Tree Atlas (Prasad et al. 2007-
ongoing), and two process models, LANDIS PRO
(Wang et al. 2013, in press) and LINKAGES

(v2.2; Wullschleger et al. 2003). For an overview

of differences between these three models, see

Table 11 in Chapter 5. These models operate at
different spatial scales and provide different kinds of
information about potential future forest composition
and productivity. They provide useful information on
potential climate change impacts on ecosystems in
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our geographic area of interest, and have stood up to
rigorous scientific review.

Species distribution models establish a statistical
relationship between the current distribution of

a species or ecosystem and key attributes of its
habitat. This relationship is used to make projections
about how the range of the species will shift as
climate change affects those attributes. Much less
computationally expensive than process models,
SDMs can typically provide projections for the
suitable habitat of many species over a larger area.
There are some caveats that users should be aware
of when using them, however (Wiens et al. 2009).
These models use a species’ realized niche instead
of its fundamental niche. The realized niche is the
actual habitat a species occupies given predation,
disease, and competition with other species. A
fundamental niche of a species, in contrast, is the
habitat it could potentially occupy in the absence

of competition, disease, or herbivory. Given that

a species’ fundamental niche may be greater

than its realized niche, SDMs may underestimate
current niche size and future suitable habitat. In
addition, species distributions in the future might be
constrained by competition, disease, and predation in
ways that do not currently occur. If so, SDMs could
overestimate the amount of suitable habitat in the
future. If some constraints are removed due to future
change, the opposite could also occur. Furthermore,
fragmentation or other physical barriers to migration
may create obstacles for species otherwise poised to
occupy new habitat.

In contrast to SDMs, process models simulate
ecosystem and tree species dynamics based on
interactive mathematical representations of physical
and biological processes. Process models can
simulate future change in tree species dispersal,
succession, biomass, and nutrient dynamics over
space and time. Because these models simulate
spatial or temporal dynamics, or both, of a variety
of complex processes and at a finer scale, they



CHAPTER 2: CLIMATE CHANGE SCIENCE AND MODELING

typically require more computational power than
an SDM. Therefore, fewer species can be modeled
compared to an SDM. Process models have several
assumptions and uncertainties that should be

taken into consideration when applying results to
management decisions. For example, they assume
that mathematical representations of a species’ life
history traits are accurate, whereas in many cases
they may be based on rather limited data. They
also assume that all individuals of a species can be
modeled using the same parameters, yet there is
often a wide range of variability among genotypes.
Process models rely on empirical and theoretical
relationships that are specified by the modeler.
Any uncertainties in these relationships can be
compounded over time and space, leading to an
inaccurate result.

Although useful for projecting future changes, both
process models and SDMs share some important

B Bid

limitations. They assume that species will not

adapt evolutionarily to changes in climate. This
assumption may be true for species with long
generation times (such as trees), but some short-
lived species may be able to adapt even while
climate is rapidly changing. Both types of models
may also magnify the uncertainty inherent in their
input data. Data on the current distribution of

trees, site characteristics, and downscaled GCM
projections are estimates that add to uncertainty.

No single model can include all possible variables,
so there are important inputs that may be excluded
from individual models, such as competition from
understory vegetation, herbivory, and pest outbreaks.
Given these limitations, it is important for all model
results to pass through a filter of local expertise to
ensure that results match with reality on the ground.
Chapter 6 explains the expert elicitation process for
determining the vulnerability of forests based on
local expertise and model synthesis.

Western Star Flatwoods, Mark Twain National Forest. Photo by Paul Nelson, Mark Twain National Forest.
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Climate Change Tree Atlas

The Climate Change Tree Atlas incorporates a
diverse set of information about potential shifts

in the distribution of tree species’ habitat in the
eastern United States over the next century
(www.nrs.fs.fed.us/atlas; Iverson et al. 2008, Prasad
et al. 2007-ongoing). The species distribution

model DISTRIB measures relative abundance,
referred to as importance values, for 134 eastern
tree species. Inputs are tree species distribution

data from the U.S. Forest Service, Forest Inventory
and Analysis (FIA) program and environmental
variables (pertaining to climate, soil properties,
elevation, land use, and fragmentation), which are
used to statistically model current species abundance
with respect to current habitat distributions. Then
DISTRIB projects future importance values and
suitable habitat for individual tree species by using
projections of future climate conditions on a 12-mile
grid (Prasad et al. 2007-ongoing).

Additionally, projected future distributions for each
tree species are further evaluated for factors not
accounted for in the statistical models (Matthews

et al. 2011b). These modifying factors (Appendix 9)
are supplementary information on life history
characteristics such as dispersal ability or fire
tolerance as well as information on current pests
and diseases that have been having negative effects
on the species. This supplementary information
allows us to identify when an individual species may
do better or worse than model projections would
suggest.

For this assessment, DISTRIB uses the GFDL A1FI
and PCM B1 model-scenario combinations. The
results provided in Chapter 5 differ from the online
Climate Change Tree Atlas because they are specific
to the assessment area and use the new statistically
downscaled data set described above.
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LANDIS PRO

LANDIS PRO (Fraser et al. 2013; Wang et al. 2013,
in press) is a spatially dynamic process model that
simulates tree dispersal, establishment, and growth,
along with disturbances and management. It is
derived from the LANDIS model (Mladenoff 2004),
but has been modified extensively from its original
version. The LANDIS PRO model can simulate very
large landscapes (millions of acres) at relatively
fine spatial and temporal resolutions (typically 200
to 300 feet and 1- to 10-year time steps). One new
feature of the model compared to previous versions
is that inputs and outputs of tree species data in
LANDIS PRO include tree density and volume

and are compatible with FIA data. Thus, the model
can be directly initialized, calibrated, and validated
by using FIA data. This compatibility ensures the
starting simulation conditions reflect conditions on
the ground and allows the modelers to quantify the
uncertainties embedded in the initial data.

The LANDIS PRO model can simulate landscape-
level processes such as fire, wind, insect outbreaks,
disease spread, nonnative species invasions,

forest harvesting, fuel treatments, and silvicultural
treatments. Basic inputs to LANDIS PRO are

maps of species composition, land types, stands,
management areas, and disturbance patterns. Species
characteristics such as longevity, maturity, shade
tolerance, average seed production per mature

tree, and maximum diameter at breast height are
given as inputs into the model. Basic outputs are

the number of trees, basal area, biomass, age, and
carbon, by species or by species age cohort as well
as disturbance and harvest history across space and
time. The spatially dynamic nature of the model and
its fine spatial resolution are unique advantages of
LANDIS PRO compared to LINKAGES (described
below) and statistically based models. Disadvantages
of LANDIS PRO are that it is too computationally
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intensive to be run for a large number of species
(in contrast to Tree Atlas) and does not account for
ecosystem processes such as nitrogen cycling or
decomposition (in contrast to LINKAGES).

For this assessment, LANDIS PRO simulates
changes in basal area and trees per acre at a
295-foot resolution over the next century for six
dominant tree species and species groups across
the Missouri Ozarks part of the assessment area.
The model projects changes in forest composition
using downscaled daily mean temperature and
precipitation from GFDL A1FI and PCM BI1,

and compares these projections with those under
a current climate scenario.

LINKAGES

LINKAGES (v2.2; Wullschleger et al. 2003)

is a forest succession and ecosystem dynamics
process model modified from an earlier version

of LINKAGES (Pastor and Post 1985). The
LINKAGES model integrates establishment

and growth of individual trees with ecosystem
functions such as soil-water balance, litter
decomposition, nitrogen cycling, soil hydrology,
and evapotranspiration. Inputs to the model include
daily temperature, precipitation, wind speed, and
solar radiation. Model inputs also include soil
moisture capacity for multiple soil layers, wilting
point, percentage of rock, percentage of clay,
percentage of sand, initial organic matter, and
nitrogen contents. Outputs from the model include
tree species composition, number of stems, biomass,
leaf litter, available nitrogen, humus, and organic
matter, as well as hydrologic dynamics such as
runoff. Simulations are done at yearly time steps on
multiple 0.2-acre circular plots, which correspond to
the average gap size when a tree dies and falls over.
Unlike LANDIS PRO, LINKAGES is not spatially
dynamic, and does not simulate tree dispersal or any
other spatial interaction among grid cells. Typically,

the model is run for a specified number of plots

in an area of interest, and results are averaged to
determine relative species biomass and composition
across the landscape over time.

For this assessment, LINKAGES simulates changes
in tree species establishment probability over the
next century for seven dominant tree species and
species groups for landforms and subsections across
the Missouri Ozarks portion of the assessment area.
The model projects changes in forest composition
by using downscaled daily mean temperature and
precipitation from GFDL A1FI and PCM B1, and
compares these projections with those under a
current climate scenario. Species establishment
probabilities from LINKAGES under each climate
scenario are used as inputs into LANDIS PRO.

CHAPTER SUMMARY

Temperatures have been increasing in recent
decades at global and national scales, and the
overwhelming majority of scientists attribute this
change to increases in greenhouse gases from human
activities. Even if dramatic changes are made to help
curtail greenhouse gas emissions, these greenhouse
gases will persist in our atmosphere for decades to
come. Scientists can model how these increases in
greenhouse gases may affect global temperature and
precipitation patterns by using general circulation
models. These large-scale climate models can be
downscaled and incorporated into other types of
models that project changes in forest composition
and ecosystem processes to inform local decisions.
Although there are inherent uncertainties in what the
future holds, all of these types of models can help us
frame a range of possible futures. This information
can then be used in combination with the local
expertise of researchers and managers to provide
important insights about the potential effects of
climate change on forest ecosystems.
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AND CURRENT TRENDS

Climate is the average weather conditions for

a region over a period of decades. Year-to-

year variation in local weather patterns can be
influenced by ocean circulation patterns such as
the El Nifio Southern Oscillation and the Pacific
Decadal Oscillation. Changes in particles in the
atmosphere from volcanic eruptions or slight
variations in solar activity can also lead to hotter
or cooler conditions from the long-term average.
Over longer time periods (thousands to millions
of years), climate has changed considerably on a
global scale, ranging from ice ages to warm periods,
all of which are influenced by many factors. This
chapter summarizes our current understanding of
past changes in climate in the Central Hardwoods
Region, with a focus on the last century.

HOLOCENE PALEOCLIMATE

To understand climate prior to the historical record,
scientists rely on proxies such as ice cores, lake
sediments, tree cores, changes in isotopic ratios, and
fossil pollen. Although proxy data specific to the
Central Hardwoods Region are limited, the available
data indicate that the area has experienced large
shifts in climate over the past 12,000 years that
have led to subsequent shifts in vegetation (see
Chapter 1). Early Holocene (12,000 to 9,000 years
ago) climate appears to have been moderately

cool and moist enough to support oak savannas

in the region (Denniston et al. 2000). Between
approximately 9,000 and 5,000 years ago, the
climate became considerably warmer and drier,
supporting steppe vegetation dominated by warm-
season short grasses (Denniston et al. 1999). Some
evidence suggests that extended arid periods
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occurred in the region between 3,500 and

2,500 years ago and again between 1,200 and

900 years ago, but these dry periods did not include
a corresponding shift in temperature (Denniston et
al. 2007).

Proxy data indicate that long, severe droughts have
occurred in the region over the past 2,000 years,
some of which were longer or more severe than

the “Dust Bowl” era of the 1930s (Woodhouse

and Overpeck 1998). Tree-ring data from Missouri
and lowa show that several multi-decadal drought
periods have occurred in the region over the past
millennium (Stambaugh et al. 2011). The Stambaugh
et al. (2011) study suggests that the longest drought
occurred over a 61-year period at the end of the 12th
century, corresponding to the middle of the Medieval
Warm Period. Long-term reconstructions of climate
by using tree rings also reveal a 20-year drought
cycle (in other words, peak droughts occurred

about every 20 years) in the region over the past
millennium, although the causes for this pattern

are still unknown (Stambaugh et al. 2011).

HISTORICAL CLIMATE

Measurements of temperature and precipitation at
weather stations in the area have been recorded for
a little over 100 years. We used the Climate Wizard
custom analysis tool to present the changes in
temperature and precipitation across the assessment
area (ClimateWizard 2012, Girvetz et al. 2009).
Data for the tool are derived from PRISM
(Parameter-elevation Regressions on Independent
Slopes Model; Gibson et al. 2002), which models
historical, measured point data onto a continuous
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2.5-mile grid over the entire United States. We
examined long-term (1901 through 2011) trends

for annual, seasonal, and monthly temperature
(mean, mean minimum, and mean maximum)

and total precipitation within the assessment area.
Accompanying tables and figures present the
change over the 111-year period estimated from the
slope of the linear trend. In the following text, we
highlight increasing or decreasing trends for which
we have high confidence that they did not occur by
chance. For more precise information regarding how
these trends were calculated, levels of confidence,
and caveats related to the data presented, refer

to Appendix 7. Please note that the information
presented here is meant to give the reader a general
overview of regional trends in climate and is not
intended for interpretation at a particular location.
More information on historical trends in past climate
for specific weather stations can be found online
(see Box 8).

Box 8: More Historical Climate Information

State-level Information

State climatologists provide information about
current and historical trends in climate throughout
their states. Visit your state climatologist’s Web
site for more information about trends and climate
patterns in your particular state:

State Climatologist Office for lllinois
www.isws.illinois.edu/atmos/statecli/index.htm

Indiana State Climate Office
http://climate.agry.purdue.edu/climate/narrative.asp

Missouri Climate Center
www.climate.missouri.edu/climate.php

Current Climate

The current climate in the Central Hardwoods
Region can be characterized by examining 30-year
averages in temperature and precipitation (also
called “normals’), which are computed every

10 years at the beginning of each decade. Annual
temperature and precipitation patterns for the 1971
through 2000 period (which is used as a baseline to
compare to future projected climates in Chapter 4)
are similar in the Illinois, Indiana, and Missouri
portions of the assessment area (Table 10, Fig. 15).
Mean annual temperature follows a north-south and
east-west gradient (Fig. 16). Temperatures tend to be
lower in the north and east than the south and west.
Temperatures are highest in Missouri throughout
the year, and mean temperatures fluctuate by about
40 °F (22 °C) between winter and summer.

Regional Information

The Midwestern Regional Climate Center (MRCC) is a
cooperative program between the National Climatic
Data Center (below) and the lllinois State Water
Survey. The MRCC serves the nine-state Midwest
region (lllinois, Indiana, lowa, Kentucky, Michigan,
Minnesota, Missouri, Ohio, and Wisconsin).

It provides high-quality climate data, derived
information, and data summaries for the Midwest.

mrcc.isws.illinois.edu/

National Information

The National Climatic Data Center (NCDC) is the
world’s largest active archive of weather data.
The NCDC'’s Climate Data Online provides free,
downloadable data from the Global Historical
Climatology Network.

www.ncdc.noaa.gov/oa/ncdc.html
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Table 10.—Average mean temperature and total precipitation (1971 through 2000) for the assessment area, by state.

Missouri Ozarks Southern lllinois Southern Indiana
Temperature Precipitation Temperature Precipitation Temperature Precipitation
(mean, °F) (inches) (mean, °F) (inches) (mean, °F) (inches)
Annual 55.6 43.92 55 429 54.2 44.94
Winter 34.2 8 32.7 8.6 32,6 9.24
Spring 55.4 12.91 54.8 12.72 53.7 13.32
Summer 75.6 11.25 75.5 11.29 74.2 12.22
Autumn 57 11.76 56.7 10.26 56 10.13
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Figure 15.—Average (1971 through 2000) total precipitation and mean temperature, by month, for the assessment area divided by
state boundaries.
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Figure 16.—Thirty-year averages of mean annual and seasonal daily mean, daily minimum, and daily maximum temperature.
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Precipitation is distributed relatively evenly
throughout the year, but spring is the wettest season
and winter the driest (Table 10, Fig. 15). During the
winter, there is a strong precipitation gradient, where
areas in the north experience lower precipitation

than in the south (Fig. 17). Precipitation tends to be
higher during the spring and summer in southern
Indiana than in the rest of the assessment area. In
the fall, this pattern is reversed, with the Missouri
Ozarks experiencing the greatest precipitation.

Annual

Spring
(Mar - May)

Summer
(Jun - Jul)

Fall
(Sep - Nov)

Precipitation (in)

1971 - 2000
Mean annual
Precipitation (in)

50

1971 - 2000
Seasonal mean
Precipitation (in)

Figure 17.—Thirty-year averages of mean annual and seasonal precipitation.
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Observed Trends in Precipitation
and Temperature (1901 through 2011)

Spatially interpolated trends in temperature and
precipitation are available through 2011 and are
presented below. For a discussion of recent trends in
temperature and precipitation over the past decade,
see Box 9. Between 1901 and 2011, mean annual
temperatures fluctuated from year to year by several

Box 9: Early 21st-Century Climate Changes

In this chapter, we present changes in climate

over the entire historical record for which spatially
interpolated data trends are available for the
assessment area. Looking across the entire record
is helpful in detecting long-term changes, but it can
also obscure short-term trends.

The decade from 2001 to 2010 was the warmest

on record both globally and averaged across North
America (World Meteorological Organization [WMO]
2012). Across the assessment area, temperatures
were also generally warmer than average between
2000 and 2012. However, with the exception of
2012, temperatures were not as warm as the 1930s
or 1950s. The year 2012 was the warmest year

on record for Missouri and lllinois and one of the
warmest in Indiana (NOAA NCDC 2013). Until 2012,
1921 had been the warmest year on record for most
of the region, with the exception of the western
Missouri Ozarks, which had its highest temperature
in 1954.

Trends in precipitation from 2000 to 2011 across
the assessment area indicate a continuing pattern
toward wetter conditions. Several locations in
southern lllinois, southern Indiana, and southeastern
Missouri had their wettest years on record in 2011
(NOAA 2012), and 2011 was in the top five wettest
years across most of the assessment area excepting
the Missouri Ozarks (Southern Climate Impacts
Planning Partnership [SCIPP] 2012). The year 2012
was an exception to the trend of wetter conditions,
with the area experiencing drought conditions that
had not been experienced in the region for many
decades (NOAA NCDC 2013).

degrees across the assessment area (Fig. 18). The
warmest year on record for the assessment area as
a whole was 1921. Temperatures were warmer than
the long-term average during the “Dust Bowl” era
of the 1930s. That period had many of the warmest
and driest years on record, and summers were
particularly hot and dry. By contrast, temperatures
were cooler during the 1970s and early 1980s.

And what about the “warming hole” patterns of
low summer temperatures and high spring and
summer precipitation? Across the assessment
area, summer temperatures during 2010, 2011,
and 2012 were much higher than the long-term
average for the area (SCIPP 2012). Although it is
too early to determine whether this is a trend,
those years were the warmest summers most of
the region had experienced since 1954 (with the
exception of southwestern Missouri, which had its
previous warmest summer in 1980). Although the
recent warming temperatures suggest a possible
reversal of the “warming hole,” precipitation
trends have not changed markedly in recent years.
Spring and summer precipitation continued to
increase across southern Indiana, with 2008 and
2011 among the wettest years on record. In lllinois,
spring precipitation also continued to be high, and
summer precipitation was about average. Spring
precipitation in Missouri was also high during the
early 21st century, and summer precipitation showed
a slight decrease. The 2012 drought was an obvious
exception to this overall trend.

Overall, the climate information from the past
decade seems to be consistent with the trends over
the past century in some ways but not others. The
area is still getting generally wetter, and the 1930s
continues to be the warmest decade on record. The
past decade was warmer than the late 20th century,
but there is currently insufficient information to tell
whether the higher temperatures represent a trend
toward increasing temperature in the region.
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Change rate = 0 °F/yr; p-value = 0.90828; r-squared = NA.

Annual Mean Temperature (°F)

1900 1920 1940 1960 1980 2000

Year

Change rate = 0.052 inches/yr; p-value = 0.005; r-squared = NA.

Annual Mean Precipitation (inches)
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T T T T T T
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Figure 18.—Time series showing annual mean temperature and total precipitation across the assessment area, 1901 through 2011.
Open circles represent mean for each year. The blue line shows the 5-year moving average, and the red line is the slope of the linear
regression. Note high temperatures and low precipitation values between 1930 and 1940 (ClimateWizard 2012).
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Temperature

Even though temperatures increased both globally
and across the United States over the same time
period, the mean annual temperature in the Central
Hardwoods Region actually decreased slightly in
some areas; the change was small enough, however,
that it could have occurred by chance (Fig. 19). We
also evaluated trends beginning in the years 1951
and 1971, but did not find dramatic changes in the
direction of these trends (data not shown). Although

mean seasonal temperatures did not change overall,
there were a few trends when changes by month
were examined (Fig. 20). January temperatures
appear to have decreased and February temperatures
to have increased. However, the year-to-year and
spatial variation during these months was high,

and these trends could be due to chance. Mean
temperatures increased in April, particularly in
[llinois and Indiana, and decreased in September
and October slightly, especially in Illinois.

Mean Temperature

T R 75
Annual Vsl '-‘1?535-"
-:;l‘ =
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Temperature

Change (°F)
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Figure 19.—Change in annual and seasonal mean daily mean, daily minimum, and daily maximum temperature, 1901 through 2011.
Stippling indicates there is less than 10-percent probability that the trend could have occurred by chance alone.
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Figure 20.—Change in mean daily mean, daily minimum, and daily maximum monthly temperature for the assessment area by state,
1901 through 2011. Asterisks indicate there is less than 10-percent probability that the trend could have occurred by chance alone.
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Compared to mean temperatures, there were more
noticeable trends in average seasonal maximum
and minimum temperatures across the region: mean
maximum temperatures generally decreased and
mean minimum temperatures generally increased
across all seasons, leading to less daily variation

in temperature (Figs. 19 and 20). This pattern was
especially apparent in summer and fall. In the
[llinois portion of the assessment area, mean summer
maximum temperatures decreased by 1.9 °F

(1.1 °C) on average, and summer minimum
temperatures increased by 2.0 °F (1.1 °C). In
addition, mean autumn maximum temperatures
decreased by 1.9 °F (1.1 °C) in southern Illinois.

In southern Indiana, mean summer maximum
temperatures decreased by 2.1 °F (1.2 °C), and
summer minimum temperatures increased by 1.1 °F
(0.6 °C). In the Missouri Ozarks, autumn maximum
temperatures decreased by 1.8 °F (1.0 °C) and
summer lows increased by 1.6 °F (0.8 °C).

Precipitation

Precipitation trends over the past century differed
across the assessment area, but there was a general
increasing trend in annual precipitation (Figs. 21
and 22). In southern Illinois, annual precipitation
increased by 5.7 inches (14-percent increase from
the long-term average) over the 111-year period.
This change was mainly driven by increases in the
southeast during spring (March, April, May). Mean
annual precipitation increased in southern Indiana
by 7.0 inches (an increase of 16 percent), and
increases occurred during the entire growing season.
In Missouri, precipitation increased in the fall by an
average of 2.7 inches (25 percent), contributing to
an increase in annual precipitation of 5.3 inches
(12.5 percent). There appears to have been a
decrease in precipitation in that area in the summer,
but there is relatively low statistical confidence in
that trend. The north-central Missouri Ozarks also
had increases in winter and spring precipitation of
up to 9.0 inches over the 111-year period.

W lllinois

Change in Precipitation (in)

E Indiana
*

B Missouri

Month

Figure 21.—Change in monthly precipitation, 1901 through 2011. Asterisks indicate there is less than 10-percent probability that the

trend could have occurred by chance alone.
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Figure 22.—Change in annual and seasonal precipitation, 1901 through 2011. Stippling indicates there is less than 10-percent
probability that this trend could have occurred by chance alone.
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The “Warming Hole”

Several studies have observed a decrease in
temperatures, especially summer highs, in the
southeastern and central United States over the

past century, in what has been referred to as a
“warming hole” (Kunkel et al. 2006, Pan et al.
2004, Portmann et al. 2009). These decreases in
summer high temperature appear to be related to
increases in precipitation (Pan et al. 2004, Portmann
et al. 2009). A recent study suggests the higher
precipitation and lower temperature may be due to
an increase in aerosols (particulate matter in the air),
which increase cloud formation and light scattering
(Leibensperger et al. 2012). Others suggest it may
be due to feedbacks from increased soil moisture
availability (Pan et al. 2004). Still other studies
suggest that the local temperature decrease may

be driven by sea-surface temperatures in the North
Atlantic and central Pacific (Kunkel et al. 20006).

Further research is needed to understand the
“warming hole” and its implications for the region
as global temperatures continue to rise. If the
decreasing temperature trends were indeed caused
by increased aerosols, it is possible that these trends
will be reversed because of current regulations and
improvements in air quality (Leibensperger et al.
2012). In fact, an analysis of recent climate trends
in the region suggests that the warming hole may
have already disappeared, but that study examined
trends in only mean annual temperature and not
summer highs (Tebaldi et al. 2012). However, if the
temperature trends were instead due to other climatic
processes, it is possible that these trends could
continue into the future (see Chapter 4).

TRENDS IN EXTREME WEATHER
EVENTS

Extreme weather events, such as tornadoes,
thunderstorms, and winter storms are important
disturbance agents in forested systems. Some
evidence suggests that extreme events have been

increasing across the United States and globally
over recent decades, and this increase is consistent
with global climate change (Coumou and Rahmstorf
2012, Kunkel et al. 2008). Below, we summarize
changes in extreme events that have been observed
in the Central Hardwoods Region.

Tornadoes and Wind Storms

Tornadoes are a common phenomenon in the
Central Hardwoods Region. The central United
States has the highest frequency of tornadoes in the
world (Bates 1962). Among the 50 states, Missouri,
Illinois, and Indiana are ranked 9th, 8th, and 21st,
respectively, for the annual number of tornadoes that
occurred from 1981 through 2010 (National Weather
Service, Storm Prediction Center 2012). Peak
tornado season in the Central Hardwoods Region

is from March through June, when interactions
between warm, moist air and the jet stream make
conditions favorable (Wilson and Changnon 1971).
The largest tornado on record in the United States
occurred in the assessment area in 1925, crossing

all three states at 70 miles per hour and killing

625 people. Although the total number of tornadoes
detected in the region increased over the 20th
century, this increase was probably due to greater
detection of low-severity tornadoes (Kunkel et al.
2008) (see Box 10).

On May 8, 2009 the majority of the assessment
area was struck by a new class of storm named a
“super derecho” by the National Weather Service.
Derechos are widespread, long-lived wind storms
that are associated with a band of rapidly moving
showers or thunderstorms. Although a derecho can
produce destruction similar to that of tornadoes, the
damage typically is directed in one direction along
a relatively straight swath. Because of its unusual
shape on radar, displaying an eye-like center, and
extremely high winds gusting beyond 100 miles per
hour, the storm was called an “inland hurricane.”
Tens of thousands of trees were uprooted, snapped
off, or knocked down across the affected area by
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Box 10: Tornadoes and Climate Change

The recent devastating tornado that struck Joplin,
Missouri, on May 22, 2011, spurred questions about
the link between climate change and the frequency
and severity of tornadoes in the Midwest (Fig. 23).
This tornado was one of the deadliest and most
economically distressing tornadoes in U.S. history,
costing 116 lives and $2.6 billion in damages (NOAA
2012). It occurred following a week-long tornado
outbreak sequence that caused severe damage
across the central United States, leading to record-
breaking losses to property and crops (NOAA 2012).
Were the Joplin tornado and the other tornadoes

in the sequence a sign of a changing climate? The
answer is not a simple yes or no.

At first glance, the historical record seems to indicate
an increase in the total number of tornadoes in the
United States over the past century (Diffenbaugh

et al. 2008). However, this trend is largely the

result of an increase in the detection of tornadoes
through technological enhancements and improved
monitoring networks (Kunkel et al. 2008). It also
appears that the number of severe tornadoes in the
United States has decreased over the past century
(Diffenbaugh et al. 2008). However, the severity of
a tornado is determined not by its wind speed but
by the level of damage done to structures. Since
building construction has also changed over the
past century, it is difficult to tell whether we are
observing weaker storms or simply less damage
from changes in construction practices.

Some recent analysis suggests that the number

of tornadoes has probably not changed over the
past century, but there has been a trend toward
tornadoes occurring in clustered events such as the
May 2011 outbreak sequence (H. Brooks, National
Weather Center, National Severe Storms Laboratory,
personal comm.). This leads to further speculation
about a possible link between tornadoes and a
changing climate.

Modelers are also uncertain about what the

future trends in tornadoes will be (see Chapter 4).
Tornadoes are a result of both convective available
potential energy and wind shear. In general, current
global climate models suggest that convective
available potential energy may increase, while wind
shear may decrease (Diffenbaugh et al. 2008). The
balance of these two forces, as well as potential
seasonal and geographic shifts in that balance,
remains relatively unknown. In addition, the small
spatial scale of tornadoes makes them impossible
to simulate at large grid scales in general circulation
models. However, some evidence suggests that there
may be a shift toward fewer summer tornadoes and
more winter tornadoes as temperatures increase
(H. Brooks, National Weather Center, National
Severe Storms Laboratory, personal comm.).

Figure 23.—Joplin, MO, spring 2011. (Photo by Jill Johnson,
U.S. Forest Service)
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the intense, straight-line winds. Because this storm
is an isolated event, it is impossible to attribute it to
local changes in climate. However, current model
projections suggest that the convective conditions
necessary to create these types of storms may
become more frequent (see Chapter 4).

Thunderstorms and
Heavy Precipitation Events

Thunderstorms are frequent during summer months
throughout the assessment area. Thunderstorms
account for 50 to 60 percent of annual
precipitation in Illinois, and are most prevalent

in the southwestern corner of the state (Angel
2012a). Since recordkeeping began in the 1800s,
thunderstorms have occurred an average of 40 to
55 days per year across the assessment area
(Changnon 2003). The highest incidence has
occurred in western Missouri, representing a
regional maximum in storm frequency (Changnon
2003). About half of these storms occur during the
summer (June, July, August), with the remainder
distributed across spring and fall (Changnon 2003).
There is no evidence of a change in the severity

or frequency of thunderstorms across the United
States over the past 100 years (Kunkel et al.

2008). Thunderstorms are reported as days when
thunder audibly occurs and, therefore, there is a
propensity toward human error and inconsistency in
recordkeeping for these measurements (Changnon
2003).

However, studies suggest that heavy precipitation
has become more frequent and intense in the United
States over the past several decades (Groisman

et al. 2012, Kunkel et al. 2008). Across the entire
central United States (including the assessment
area), moderately heavy precipitation events (0.5

to 1.0 inches) became less frequent, but very heavy
precipitation events (greater than 3 inches) increased
between 1979 and 2009 compared to the 1948 to
1978 period (Groisman et al. 2012). In addition, the
number of extreme precipitation events (greater than
6 inches) has increased up to 40 percent (Groisman

et al. 2012). A recent report examined trends in
heavy precipitation events in the Midwest from 1961
to 2011 (Saunders et al. 2012). The authors found
that the number of precipitation events of 3 inches
or more nearly doubled in Illinois and Missouri, and
increases were even greater in Indiana (Saunders

et al. 2012).

Winter Storms

The assessment area in Illinois, Indiana, and
Missouri can experience both ice storms and
snowstorms, although the incidence is relatively
rare. Snowstorms occur about once per year on
average in the area, and decreased over the last
century in Missouri and southern Illinois (Changnon
2006). The frequency of snowstorms was similar at
the beginning and end of the last century across most
of southern Indiana (Changnon 2006). In a study
examining winter storms from 1949 to 2003, there
appeared to be neither a negative nor positive trend
in the number of winter storms in the central United
States (including the assessment area). However,
there was a trend toward an increasing amount of
damage from those storms due to both an increase
in infrastructure and an increase in storm intensity,
which was interpreted as a trend consistent with
increased warming (Changnon 2007).

Although rare, ice storms can be particularly
damaging to forests in the region, leading to stem
and branch breakage and crown loss (Brommit et al.
2004, Rebertus et al. 1997). Ice storms are a severe
form of freezing-rain event. The Central Hardwoods
Region has on average 3 to 4 days of freezing-rain
events per year, which can occur between November
and April, with a peak in January (Changnon

and Karl 2003). A study examining changes in
freezing rain over the United States from 1949 to
1999 showed no positive or negative trend in the
number of freezing-rain events for much of the
Central Hardwoods Region, with the exception

of far southeastern Indiana, which had a decrease
(Changnon and Bigley 2005).
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CHANGES IN SOILS
AND HYDROLOGY

Increases in global temperature are resulting in an
intensification of the global water cycle, leading to
changes in soil moisture, groundwater availability,
and streamflow (Huntington 2006). These variables
can have important influences on terrestrial and
aquatic ecosystems.

Drought

Droughts are among the greatest stressors on forest
ecosystems, and can often lead to secondary effects
of insect and disease outbreaks on stressed trees and
increased fire risk. Drought can be characterized in
several ways, notably as meteorological, hydrologic,
or agricultural drought. Meteorological drought

is a function of precipitation frequency, and
hydrologic drought is a measure of how much water
is available in a watershed. Agricultural drought
takes into account changes in the amount of water
that evaporates from the soil and is transpired by
plants, as well as information about soil moisture
and groundwater supply. All three indicators can

be important in understanding the effects on forest
water supply. However, examining agricultural
drought can give a more holistic picture of the
effects on vegetation in the soil.

Over the past century (1916 to 2007), the
frequency of extreme and exceptional droughts
(meteorological, hydrologic, and agricultural) in
[llinois and Indiana decreased (Mishra et al. 2010).
(Data were not analyzed for Missouri.) Exceptional
droughts are the most severe form of drought
experienced in the region, and extreme droughts are
the second most severe. Until the recent drought of
2012, all of the exceptional droughts were before
1970, and most of them occurred during the “Dust
Bowl” era of the 1930s. In general, more recent
drought events have been less intense in their
severity, duration, and spatial extent compared
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to earlier in the 20th century. However, the 1988
drought was the fifth-driest year on record in llinois,
which led to severe water shortages throughout the
assessment area (Lamb 1992). In addition, the 2012
drought was the most extensive drought on record
across the United States since 1956 (NCDC 2012).
One study examined the drought trends during
specific points in the growing season in Illinois and
Indiana from 1916 to 2007 (Mishra and Cherkauer
2010). They found an overall decrease in drought
severity and frequency in southern Indiana and no
change in southern Illinois in spring (March through
May), summer (June through August), and the entire
growing season (May through October).

Snow

Although snow does not play as large a role in the
Central Hardwoods Region as it does in states farther
north, it is still an important aspect of hydrology for
the region. The amount of snow influences annual
runoff, recharge, and water supplies and can have
local effects on temperature through its reflectivity
(albedo). In addition, rapid melting following a large
snowfall event can lead to flooding. Between 1981
and 2010, the region received on average roughly

6 to 12 inches of snow per year (Kunkel et al. 2013).
Long-term records reveal a general decrease in
snowfall in Missouri since the 1930s (Kunkel et al.
2009). Trends in snowfall in southern Illinois and
Indiana are less clear, with some stations reporting
increases and others decreases, over the past

80 years (Kunkel et al. 2009). The ratio of snow to
total precipitation during the winter decreased in the
area between 1949 and 2005 due to both a decrease
in snowfall and an increase in rain during that time
(Feng and Hu 2007). According to the Illinois state
climatology office, statewide snowfall has decreased
in the most recent 20 years and is below the long-
term average (Angel 2012b). There is also a trend
toward earlier snowmelt and decreasing snow depth
in the area (Dyer and Mote 2006).
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Soil Frost

The duration and depth of soil frost can affect winter
and spring hydrologic cycles in the Midwest. An
increase in frozen soil can lead to increases in spring
peak flows due to a reduction in soil infiltration.
Soil frost can also increase water storage in the

soil over the winter. Soil temperatures during the
winter months, and thus soil frost, can be influenced
by changes in air temperature and the amount and
duration of snowpack. The number of days with
frozen soil has increased slightly over the past
century in southern Illinois and Indiana (Sinha et al.
2010). Soil freeze and thaw dates have also shifted
later on average in the area. It would appear that this
trend is partially driven by a decrease in snow cover
over this period, as winter temperatures have not
shown any strong trends. A decrease in snow cover
reduces soil insulation, leading to increased frost
susceptibility during snow-free periods in the winter.

Streamflow and Flooding

It can be difficult to attribute any trends in
streamflow specifically to climate change, as
there have been large-scale land-use changes in
the area (primarily agricultural development) that
can obscure any climate-related signal (Tomer and
Schilling 2009, Zhang and Schilling 2006). A study
examining trends in streamflow in the Mississippi
River Basin from 1940 to 2003 showed a trend
toward increasing streamflow across the region,
mostly due to an increase in baseflow attributed

to agricultural land-use changes (Zhang and
Schilling 2006). One study in lowa, Missouri, and
Illinois showed that when changes in land use are
accounted for, an increase in discharge consistent
with local climate changes could be observed
(Tomer and Schilling 2009). These changes were
largely observed since the 1970s, and are due to
an increase in the ratio of precipitation to potential
evapotranspiration (i.e., evaporative demand).

Floods in the assessment area typically peak in the
spring, ranging from an average peak in mid-March
in far southern Illinois to early June in the northern
Missouri Ozarks (Villarini et al. 2011). Across

the Midwest, economic losses from flooding have
been increasing at a greater rate than elsewhere in
the nation. Over a 45-year period (1955 to 1999),
Illinois had more than $5 billion in flood losses, and
74 percent of these losses have occurred since 1985
(Angel 2012a). During spring 2011, record-breaking
floods occurred across the Mississippi, Missouri, and
Ohio River valleys, but it is hard to link these flood
events with climate change (see Box 11).

GROWING SEASON LENGTH

A large body of research indicates that the growing
season has been getting longer on a global scale,
largely from an earlier onset of spring (Christidis

et al. 2007, Parmesan and Yohe 2003, Root et

al. 2003, Schwartz et al. 2006a). Growing season
length is often determined biologically, through the
study of phenology (see Box 12), but can also be
estimated climatologically. Growing season length
can be defined as the period between the dates of
the last spring freeze and first autumn freeze, as
determined by minimum temperatures of 32 °F

(0 °C). Using this definition, one study determined
the climatological growing season lengthened by
about 1 week on average between 1906 and 1997
across Illinois, mostly due to an earlier date of the
last spring freeze (Robeson 2002). However, this
trend was stronger in the more northern portions of
the state, with many areas in the south experiencing
later spring frosts and an overall reduction in
growing season length. Another study examined
changes in growing season length from 1911 to 2000
across the Corn Belt, including Illinois and Indiana
(Miller et al. 2005). Although qualitative increases in
growing season length were found across the region,
there was no discernible trend in the data, which
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were largely driven by a cool period in the 1920s
and a warm period in the 1990s. Since these studies
were conducted, a number of years have had last
freezes that occurred very early in the spring, such
as the spring of 2012, which may be indicative of
things to come.

Alternatively, growing season length can be defined
by other threshold temperatures exceeded by 1 or
more days. One study examined several different
temperature thresholds (24, 28, and 42 °F; -4.4, -2.2,
and 5.6 °C) for Illinois and found that the threshold
selected affected the overall trend in growing season
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length (Robeson 2002). Thresholds of 24 and 42 °F
tended to show trends toward shorter growing season
length in southern Illinois, while growing season
length trended longer on average when a threshold
of 28 °F was used. A recent study examined trends
in the last spring day that was less than or equal to
28 °F (hard freeze) between 1901 and 2007 for areas
including the Missouri Ozarks, southern Illinois,
and southern Indiana (Marino et al. 2011). They
found trends toward an earlier last hard freeze by
0.5 to 1.5 days per decade for some portions of the
assessment area, most notably in Missouri.
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Box 12: Phenological Indicators of Change

Changes in growing season length can be observed
through changes in phenology. Phenology is the
study of recurring plant and animal life-cycle
stages, such as leaf-out and senescence, flowering,
maturation of agricultural plants, emergence

of insects, and migration of birds. A few studies
examining changes in phenology in the Central
Hardwoods Region indicate recent changes:

¢ In a survey of 270 flowering plants in
southwestern Ohio, 60 percent showed earlier
spring flowering over the period from 1976 to
2003 of about 10 to 32 days (McEwan et al.
2010). The variation among species may be
attributed to differences in sensitivity to climate
as a clue to begin flowering as opposed to other
indicators such as day-length.

e A study examining the migratory patterns of
eight species of North American wood warblers
between southern lllinois and northern
Minnesota from 1903 to 2002 showed that their
migration season was being compressed by up to
20 days due to later springs in Illinois and earlier
springs in Minnesota (Strode 2003). Spring onset
was determined by the date when 300 degree-
days over 41 °F (5 °C) were reached, which is
the beginning of the peak in spruce budworm
caterpillar activity, a primary food consumed by
many warbler species. This study shows that,

although average temperatures have not changed

significantly in the spring in southern lllinois,
certain climate indicators important to biological
functioning have changed.

CHAPTER SUMMARY

The climate of the Central Hardwoods Region has
changed considerably over thousands of years, but
recent changes over the past 100 years have been
more subtle. Temperatures have increased both
globally and across the United States over the same
time period, yet the mean annual temperature in

e Despite global and national trends, there do not
appear to be trends toward an earlier start of the
growing season as determined by leaf emergence
in Missouri, southern lllinois, or southern
Indiana between 1901 and 2007 (Marino et al.
2011). In fact, there is a general trend (though
not significant) toward later leaf emergence in
much of the area by 5 to 10 days over the period
examined. By contrast, the date of the last hard
freeze in the area does appear to be about 5 to
16 days earlier (Marino et al. 2011). This trend
indicates an overall decrease of risk of “false
springs,” where leaf emergence occurs before the
last hard frost (Marino et al. 2011).

e A study using satellite data of forest leaf
emergence found a trend toward a later end
of the growing season between 1989 and 2008
across much of the eastern United States,
including the Missouri Ozarks and southern
Indiana (Dragoni and Rahman 2012).

e Measurements of tree leaf-out and
photosynthesis taken in a forest in south-
central Indiana indicate that the growing season
lengthened by 30 days from 1998 to 2008
(Dragoni et al. 2011). This study measured
carbon uptake as well as leaf emergence and
senescence, and determined that the end of the
season trended later over the course of the 10
years. The authors attributed this increase to a
warming trend in air and soil temperatures and
a decrease in cold degree-days (the sum of the
deviation of daily mean air temperature from the
10-year average) during the summer. A caveat to
this study is that it was for one isolated site over a
short period.

the Central Hardwoods Region actually decreased
slightly in some areas—a change small enough that
it could have occurred by chance. The difference
between daily high and low temperatures also
appears to be decreasing. High temperatures during
summer months have decreased by about 2 °F over
the last century while summer lows have increased
by about the same amount. Data indicate that
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much of the area is receiving between 12 and

17 percent more precipitation annually, with
increases in heavy precipitation events and decreases
in severe droughts. There is insufficient information
to determine whether tornadoes and thunderstorms
are more frequent now than they have been since
measurements began, but there is some evidence that
winter storms, though less frequent now than in the
past, are more intense when they do occur. Flooding
in the area has increased, but this increase has been

Box 13: Species Range Shifts

Given that there are some indications of warming
temperatures across the Northern Hemisphere, one
might expect that species may be starting to move
northward along with their climatological niches.
Evidence across the globe is beginning to support
this hypothesis (Chen et al. 2011, Parmesan and Yohe
2003). Is there any evidence of northward migration
in the Central Hardwoods Region?

In order to determine species range shifts, long-
term data over large spatial scales must be
available. The Forest Service’s Forest Inventory and
Analysis (FIA) Program is one source of this type of
information. A recent study using FIA data (Woodall
et al. 2009) examined range shifts in tree species
across the eastern United States by comparing

the mean latitude of seedlings to that of mature
trees. The researchers found a strong northward
shift in northern species such as sugar maple and
basswood. However, trends in southern species were
more mixed, with some species shifting northward
(shortleaf pine, yellow-poplar) and others shifting
southward (southern red oak, blackjack oak).
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attributed to changes in human land use and not
climate. Although there are no strong indications

of changes in winter temperature, soil frost has
increased in the area, which has been attributed

to a decrease in snow. In addition, some evidence
suggests that stream discharge has increased in some
areas, which has important implications for local
hydrology. These changes in climate in the region
may already be leading to forest response

(see Box 13).

In a subsequent study using FIA data, Zhu et al.
(2011) examined changes in the 5th and 95th
percentile of latitudinal bands for seedlings, saplings,
and mature trees in order to examine latitudinal
shifts in range limits (as opposed to averages) in the
eastern United States. In contrast to the Woodall et
al. (2009) study, this study found that the majority
of trees did not undergo northward migration, but
rather showed range contraction, where seedlings
had smaller northern and southern range limits than
mature trees. One caveat to that study was that few
plots fall into the 5th and 95th percentiles, meaning
sample size was low.

These studies indicate that biological responses to
climate change are not always clear or predictable.
In addition, they suggest that there may be barriers
to northward migration for some tree species, such
as habitat fragmentation or inherent biological
differences in seed dispersal ability. Finally, the
methods used for determining northward migration
(mean latitude versus range limit changes) can lead
to different conclusions.



CHAPTER 4: PROJECTED CHANGES IN' CLIMATE

AND OTHER PHYSICAL PROCESSES

In Chapter 3, we examined how climate has changed
in the assessment area over the past based on
measurements and proxy data. In this chapter, we
examine how climate may change over the next
century. General circulation models (GCMs) are
used to project future change at coarse spatial scales
and then downscaled to be relevant at scales where
land management decisions are made. In some cases,
these downscaled data are then incorporated into
hydrologic models to better understand impacts on
such variables as soil moisture, evapotranspiration,
and streamflow. Downscaled data are also
incorporated into forest species distribution models
and process models (see Chapters 2 and 5). If you
are unfamiliar with GCMs, downscaling, and impact
models, an overview and suggestions for further
reading are provided in Chapter 2.

TEMPERATURE AND
PRECIPITATION PROJECTIONS

In this chapter, we report downscaled climate
projections for two model-emissions scenario
combinations: GFDL A1FI and PCM B1 (unless
otherwise noted). The GFDL A1FI model-scenario
combination represents a higher-end projection

for future temperature increases, and the PCM B1
represents a lower end (see Chapter 2). It is possible
that actual emissions and temperature increases
could be lower or higher than either of these
projections. However, the GFDL A1FI scenario
represents a more realistic projection of future
greenhouse gas emissions and temperature increases
based on current trends. The future will probably be
different from any of the developed scenarios, so we
encourage readers to consider the range of possible

climate conditions over the coming decades rather
than one particular scenario.

Daily mean, maximum, and minimum temperature
and total daily precipitation were downscaled to an
approximately 7.5-mile grid across the United States
(see Chapter 2). To visualize changes, we calculated
the modeled average daily mean, maximum, and
minimum temperature for each season and the entire
year for three 30-year time periods (2010 to 2039,
2040 to 2069, 2070 to 2099). Daily precipitation
values were summed by year and season, and
30-year means were calculated. We subtracted
temperature and precipitation values from the 1971
to 2000 mean values as a baseline to determine the
departure from current climate conditions. Historical
climate data used for the departure analysis were
taken from ClimateWizard based on the PRISM
data set (Girvetz et al. 2009; see Chapter 3 and
Appendix 7).

Temperature

Both models project increases in mean, minimum,
and maximum temperatures across all time periods
and for all seasons. Mean annual temperature across
the assessment area is projected to increase by 7.3 °F
(4.0 °C) under the GFDL A1FI scenario and 1.6 °F
(0.9 °C) under PCM B1 for the final 30 years of

the 21st century (Fig. 25; see also Table 20 in
Appendix 8) compared to the 1971 to 2000

baseline. The most dramatic increase in temperature
is projected for winter for the PCM B1 scenario and
summer for the GFDL A1FI scenario. Temperature
increases are projected to be greatest in Missouri and
least in Indiana, especially for the PCM B1 scenario
(Fig. 26).
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Figure 25.—Daily mean, minimum, and maximum temperature averaged over 30-year time periods. Annual, winter (December
through February), spring (March through May), summer (June through August), and fall (September through November) values are
shown. The 1971 through 2000 value is based on observational data from weather stations. The 21st-century data are averages of
downscaled daily projections under two climate model-emissions scenario combinations.
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Figure 26.—Projected difference in mean daily temperature at the end of the century (2070 through 2099) compared to baseline
(1971 through 2000) for two climate model-emissions scenario combinations.
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The average daily minimum temperature is projected
to increase 7.0 °F (3.9 °C) under the GFDL A1FI
scenario and 1.0 °F (0.6 °C) under PCM Bl for

the final 30 years of the 21st century compared to
the 1971 to 2000 baseline. Similar to daily means,
increases are greatest in the summer for GFDL and

greatest in the winter for PCM. Southern Illinois is
projected to have the greatest increase in minimum
temperatures, and Indiana the least, across all
seasons (Fig. 27). These patterns are generally true
for the 2010 to 2039 and 2040 to 2069 periods as
well (see Appendix 8 for these time periods).

PCM B1
Minimum Temperature
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(Dec - Feb)
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(Mar - May)

Summer
(Jun - Aug)

Fall
(Sep - Nov)

GFDL A1FI
Minimum Temperature

2070 - 2099
departure
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CF)
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e

Figure 27.—Projected difference in mean daily minimum temperature at the end of the century (2070 through 2099) compared to
baseline (1971 through 2000) for two climate model-emissions scenario combinations.
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The average daily maximum temperature is
projected to increase 7.6 °F (4.2 °C) under the GFDL
A1FI scenario and 1.6 °F (0.9 °C) under PCM B1
for the final 30 years of the 21st century, a slightly
greater increase than for daily mean and minimum
temperatures. As with daily means and minimums,
the most dramatic increase in daily maximum
temperatures appears to be during the winter for
PCM and summer for GFDL (see Box 14). Increases
in daily maximum temperatures are projected to be
greatest in Missouri, especially in winter (Fig. 28).

Box 14: Revisiting the “Warming Hole”

In Chapter 3, we discussed the “warming hole”

that has been observed across the central United
States, characterized by a reduction in summer high
temperatures over the past several decades. Will this
pattern continue into the future? If we examine just
the statistically downscaled GCM data presented in
this chapter, we might conclude that the warming
hole will be gone in the next century.

However, at least one study suggests that the large
grid-scale of GCMs fails to account for regional-scale
processes that are important contributors to the
warming hole (Liang et al. 2006). Using a dynamical
downscaling approach with the PCM model as an
input, this study found a large discrepancy between
the downscaled projections and the original coarse-
scale PCM projections in summer temperatures

in the central United States, particularly Missouri
and southern lllinois. Although both projected an

These patterns are also true for the earlier 30-year
periods (see Appendix 8).

Differences between the two model-scenario
combinations are projected to be more distinct by

the end of the century (Fig. 26). In general, changes

in temperature are projected to be similar between

the two scenarios for the 2010 to 2039 period. By
the end of the century, however, temperatures are

projected to be much higher under the GFDL A1FI

scenario than PCM B1.

increase in summer temperature, the dynamically
downscaled model projected an increase of less than
0.5 °F (1 °C), while the coarse-scale PCM projected
an increase of 5.4 °F (3 °C) or more at mid-century.
The statistically downscaled projections for PCM
presented in this chapter also suggest a more
modest increase in summer temperatures.

So what do these projections mean for the “warming
hole”? The results suggest that, as with past
observations, there may continue to be regional
climate processes that reduce the amount of
warming experienced during the summer in the
central United States, at least over the short term.
However, dynamical downscaling studies such as this
one remain limited, justifying the consideration of

a range of potential future climate scenarios when
preparing for future climate change.
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Figure 28.—Projected difference in mean daily maximum temperature at the end of the century (2070 through 2099) compared to
baseline (1971 through 2000) for two climate model-emissions scenario combinations.
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Precipitation Appendix 8) compared to the 1971 to 2000 baseline.
Annual decreases are projected to be greatest in
Missouri under that scenario (Fig. 30). By contrast,
annual precipitation is projected to increase under
the PCM B scenario by an average of 2.9 inches for
the final 30 years of the century.

The magnitude and seasonal direction of projected
changes in precipitation are not consistent between
the two models used in this assessment. Mean annual
precipitation is projected to decrease by 3.1 inches
under the GFDL A1FI scenario for the final 30 years
of the 21st century (Fig. 29; see also Table 21 in
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Figure 29.—Annual and seasonal precipitation for the assessment area over 30-year time periods. The 1971 through 2000 value is
based on observational data from weather stations. The 21st-century data are averages of downscaled daily projections under two
climate model-emissions scenario combinations.
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Figure 30.—Projected difference in mean annual and seasonal precipitation at the end of the century (2070 through 2099) compared
to baseline (1971 through 2000) for two climate model-emissions scenario combinations.
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Changes in precipitation are projected to vary
greatly by season. Under the GFDL A1FI scenario,
precipitation is projected to be higher in the winter
and spring and much lower in the summer across
all parts of the assessment area. The increases

are projected to be slightly more modest and the
decreases greater in Missouri compared to the
eastern portion of the assessment area. Under the
PCM B scenario, winter precipitation increases
are projected to be much more modest than under
GFDL, and projections for spring projections are
similar to GFDL. Summer precipitation under the
PCM BI1 scenario is projected to increase—the
opposite of what is projected under the GFDL
model. Fall projections for both scenarios show
decreases in precipitation, with more consistent
decreases under PCM BI1.

Unlike changes in temperature, projected changes in
precipitation do not consistently follow a linear path
over time in all seasons (Fig. 29). Projected changes
in summer precipitation are relatively linear for both
models, but in opposite directions. During winter,
both models project an increase in precipitation over
the next century, but PCM B1 projects the greatest
increase will be between 2040 and 2069, whereas
GFDL AT1FI projects the greatest increase at the

end of the century. Spring precipitation increases
initially and then decreases slightly under PCM,
while it remains steady under GFDL. The GFDL
AT1FI scenario projects fall precipitation amounts
just slightly below historical averages for the 2040
to 2069 and 2070 to 2099 periods, but shows a dip
in precipitation during the 2010 to 2039 period.

By contrast, PCM, shows a linear decrease in
precipitation during the fall.

EXTREME WEATHER EVENTS

As mentioned in Chapter 3, extreme weather

events such as tornadoes and thunderstorms can

be devastating to natural and human systems. In
general, there is less confidence in model projections
of the magnitude and direction of change in extreme

events over the next century compared with general
temperature and precipitation changes, but recent
research is beginning to provide more evidence for
projected increases in many extreme weather events
across the Midwest (Kunkel et al. 2013).

Heavy Precipitation Events

Climate models project an overall increase in the
number of heavy precipitation events globally by
the end of the century (Intergovernmental Panel

on Climate Change [I[PCC] 2007, 2012). There is
greater agreement among models at high latitudes
and in the tropics, but model projections for the
central United States suggest a potential increase in
these events, especially during winter months (IPCC
2012). Other future climate projections indicate
that the Midwest may experience 2 to 4 more days
of extreme precipitation by the end of the century
(Diftenbaugh et al. 2005). However, downscaled
projections for the Midwest indicate less projected
change in heavy precipitation events (greater than

1 inch) in the Central Hardwoods Region than the
Midwest as a whole (Kunkel et al. 2013). With

the exception of south-central Indiana, fewer than
50 percent of climate models project an increase

in the number of heavy precipitation events in the
region (Kunkel et al. 2013).

Thunderstorms

Although GCMs do not operate at a scale small
enough to model thunderstorms explicitly, evidence
suggests that temperature increases will lead to
conditions more favorable to convective storms
such as thunderstorms (Kunkel et al. 2008; Trapp

et al. 2007, 2009). One study examined changes in
thunderstorm potential over the 21st century using
a mid-range emissions scenario (A1B; Trapp et al.
2009). A slight increase was found in the frequency
of conditions favorable for intense thunderstorms
in the Midwest. A similar study found an increase
in thunderstorm potential in the region at the end of
the century under a higher emissions scenario (A2;
Trapp et al. 2007).
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Tornadoes and Hail

Very little is known about how the frequency,
severity, and seasonal patterns of tornadoes and

hail may change over the next century. A recent
synthesis report on extreme weather events stated
that “there is low confidence in projections of small
spatial-scale phenomena such as tornadoes and hail
because competing physical processes may affect
future trends and because current climate models do
not simulate such phenomena” (IPCC 2012). As the
sophistication of global and regional climate models
increases, so will our understanding of how patterns
in hail and tornadoes may change in the future.

Winter Storms

Although winter storms such as snowstorms and
ice storms are relatively rare in the area, they can
nonetheless be devastating when they do occur.
Warming temperatures may lead to a decrease in
the overall frequency of ice storms and snowstorms
due to a reduction in the number of days that are
cold enough for those events to occur. However,
there is also some evidence to suggest that these
events could be more intense when they do happen.
Wang and Zhang (2008) examined changes in risk
of extreme precipitation during the winter months
under the A2 emissions scenario using statistically
downscaled climate projections. They found an
increased risk for extreme winter events at the end
of the century for the central United States, which
includes the western part of the assessment area.
Whether these events occur as rain, snow, or ice will
depend on the exact timing of these events and their
interaction with projected changes in temperature.
In general, more research is needed before we can
determine the most likely effects of future climate
change on winter storms.

Temperature Extremes

In addition to changes in means, temperature

extremes are also projected to shift across the region.

Studies from across the Midwest indicate that there
will be more days per year that are warmer than
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95 °F (35 °C) and a greater frequency of multi-day
heat waves over the 21st century (Diffenbaugh et

al. 2005, Kunkel et al. 2013, Winkler et al. 2012).
Within the Midwest, the Central Hardwoods

Region is projected to see the greatest increase in
such events, and could experience 20 to 30 more
extremely hot days by mid-century (Kunkel et al.
2013). The number of consecutive days above 95 °F
(35 °C) could increase by 8 to 16 days in the Central
Hardwoods Region by mid-century (Kunkel et al.
2013). Downscaled climate scenarios also project
that the Midwest will experience between 25 and

38 fewer days below freezing by the end of the

21st century (Sinha and Cherkauer 2010). However,
less of a decrease is projected in the western
Midwest (Kunkel et al. 2013). A decrease in extreme
cold days (less than 10 °F [-12 °C]) is projected to
be more moderate in the Central Hardwoods Region,
where there are not as many extremely cold days to
begin with, than in the rest of the Midwest (Kunkel
et al. 2013).

HYDROLOGIC IMPLICATIONS

Information regarding how temperature and
precipitation patterns may change across the
assessment area can further be used to examine how
these changes may affect the cycling of water in
terrestrial and aquatic ecosystems. Across the globe,
increases in temperature are projected to intensify
the hydrologic cycle, leading to greater evaporative
losses and more heavy precipitation events (IPCC
2007).

By examining soil moisture, evapotranspiration, and
various drought indices, we can gain an important
understanding of how these changes may affect
water availability for trees, understory plants,
wetlands, and rivers. In addition, examining changes
in runoff and streamflow can help us assess potential
flood risks and changes in watershed dynamics. The
dynamics of snow and frozen soil can affect soil
water availability, soil temperatures, streamflow
dynamics, and soil erosion processes.
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Waterfall on the Hoosier National Forest. Photo by Gerald Scott,
Hoosier National Forest.

Many of the results presented below use the Variable
Infiltration Capacity (VIC) hydrologic model,

which is described in more detail in Chapter 2.
Model results are currently available only for the
Illinois and Indiana portions of the assessment

area, so implications for the Missouri Ozarks are

not yet known. However, because the soil types

and projected changes in climate for the Missouri
Ozarks are similar to southwestern Illinois, it can be
assumed that the general patterns observed there will
be similar, especially in the east.

Evapotranspiration

Evapotranspiration, the combination of evaporation
from the soil and transpiration from plants, is an
important indicator of moisture availability in an
ecosystem and the amount of water available to

be lost as runoff. According to one study using
statistically downscaled GCM projections under two
emissions scenarios, evapotranspiration is projected
to increase during the winter and spring and decrease
during the summer in southern Illinois and Indiana
by the end of the 21st century (2070 to 2099)
compared to the 1977 to 2006 average (Cherkauer
and Sinha 2010). These trends are strongly tied to
projected increases in winter and spring precipitation
and decreases in summer precipitation in the region.

As more water becomes available, more can be
evaporated or transpired. Temperature can also
increase evapotranspiration, but is limited by the
amount of water that is available in the soil, water
bodies, and atmosphere.

Projected changes in evapotranspiration vary
considerably by hydrologic model and climate
models used, and whether changes in vegetation

are also considered. Another recent study,

using the same hydrologic model as above but
different climate projections, found an increase in
evapotranspiration across the assessment area in
spring, summer, and fall and no change in winter
from 2071 through 2100 (Ashfaq et al. 2010). As

we will discuss in Chapters 5 and 6, climate change
is also projected to affect the distribution of trees
and other plant species, which could also affect
evapotranspiration on the landscape. Increases in
carbon dioxide are expected to lead to changes in
water use efficiency of vegetation (Drake et al.
1997), but these changes are not currently accounted
for in model projections of evapotranspiration across
the region.

Examining changes in seasonal ratios of
evapotranspiration to precipitation can give a
general sense of how much water is available in
the soil and watershed. Ratios greater than 1.0
signify evapotranspiration exceeds precipitation, an
indication of drier conditions. Ratios less than 1.0
signify precipitation exceeds evapotranspiration, an
indication of wetter conditions. Changes in this ratio
were calculated by using data from Cherkauer and
Sinha (2010), and mapped (Fig. 31). An increase

in the ratio over time signifies a decrease in water
availability compared to historical levels, and a
decrease indicates an increase in water availability.
The data indicate a slight increase in water
availability on an annual basis. Spring precipitation
was projected to show the biggest increase in

water availability, and a decrease was projected

for summer.
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Figure 31.—Difference in the ratio of evapotranspiration (ET) to precipitation (P) between the 1977 to 2006 average and the
projected average for 2070 through 2099 under a low (B1) and high (A2) emissions scenario using a GFDL/HadCM3 ensemble as

input. Blue areas indicate a decrease in the ratio, meaning more water is projected to be available in the soil and watershed than in
the past. Brown areas indicate less water is projected to be available. Figure shows the lllinois and Indiana portions of the assessment

and is based on data from Cherkauer and Sinha (2010) and used with permission of the authors.
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Soil Moisture and Drought

Changes in soil moisture are largely driven by the
balance of precipitation and evapotranspiration, and
thus there is some uncertainty about future changes.
Based on projected decreases in precipitation during
summer and fall and increases in temperature
throughout the year, one study found that surface
soil moisture was projected to decrease in the area
over the next century (2009 to 2099) by a small
amount (1.2 to 1.6 percent, depending on scenario;
Mishra et al. 2010). Total soil moisture was also
projected to decrease in the late summer and fall
and increase in the winter and spring. Another study
in the region suggests a decrease in soil moisture
during winter and early spring and increases in

soil moisture during the growing season (Winter
and Eltahir 2012). The difference between the two
studies suggests that model assumptions made

and scenarios chosen can have a large impact on
projections of future soil moisture in the Midwest.
Currently, most climate models project a decrease
or no change in precipitation during summer months
over the assessment area, leading to an overall
decrease in summer soil moisture when coupled with
increased temperature (Wang 2005). However, there
is a lot of variation among models, and an increase
in precipitation (and also soil moisture) is not
outside the realm of possibility.

Changes in precipitation are also expected to lead to
changes in drought characteristics, such as intensity,
duration, frequency, and spatial extent. According
to one study, the projected changes in duration of
drought periods in Illinois and Indiana over the
next century differ among models, scenario, and
time period, with most projecting an increase in
drought duration (Mishra et al. 2010). That study
also suggested the spatial extent of droughts may
increase, indicating that future droughts may shift
from more local to more regional phenomena
(Mishra et al. 2010). However, the number of
exceptional droughts (the most severe type of

drought) and the number of multi-year droughts

was not projected to change much from the number
experienced in the 20th century (Mishra et al. 2010).
Another study projected an increase in drought
frequency and severity when climate models that
projected a decrease in precipitation were used as
inputs, but no change in drought for those projecting
a precipitation increase (Wang et al. 2011). This
study was conducted for a primarily agricultural
area north of the assessment area, so it is unclear if
these results can be translated directly to the soils
and vegetation types in the Central Hardwoods
Region. No current information is available related
to drought characteristics for the Missouri Ozarks.

Runoff, Streamflow, and Flooding

Runoff in southern Illinois and Indiana is projected
to increase slightly over the next century compared
to the 30-year average from 1977 to 2006,
particularly in the winter and spring (Cherkauer and
Sinha 2010). This increase reflects in part projected
increases in precipitation during these seasons.
Future changes in summer and fall runoff are less
certain, with some scenarios and locations projecting
a decrease in runoff and others projecting no change
or an increase (Cherkauer and Sinha 2010).

Streamflow is also projected to change in the area,
with changes varying by season. In recent decades,
winter and spring have had the highest number of
high-flow days, and, in general, the number of high-
flow days is projected to increase further during
these seasons (Cherkauer and Sinha 2010). Projected
changes in high-flow days in the summer and fall are
more mixed and vary based on location. Changes in
low-flow days also will vary by season: the number
of low-flow days is projected to increase in summer
and fall and decrease in the winter and spring.
Simulations for streamflow in the Wabash River
watershed showed increases of about 20 percent for
both peak and mean streamflow by the end of the
century (Cherkauer and Sinha 2010). Similarly,
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mid-century projections of the Upper Mississippi
basin showed a 50-percent increase in annual
average streamflow, with the largest increase
occurring in spring and summer as a result of
increases in snowfall, snowmelt, runoff, and
recharge upstream of those areas (Jha et al. 2004).

Change in flood risk under future climate change

is difficult to determine because there are currently
insufficient records to even determine flood risk

at a particular location, irrespective of climate
(Stedinger and Griffis 2011). As discussed in
Chapter 3, flooding is caused by a combination of
climate, infrastructure, and human land-use factors,
so the relative amount of change in these different
factors will determine the overall flood risk. The
studies described above suggest that the magnitude
of flooding could potentially increase in the winter
and spring due to increases in total runoff and peak
streamflow during those times (Cherkauer and Sinha
2010). During the summer and fall, there could be
an increase in “flashiness,” with periods of very low
flow followed by rapid flooding in response to heavy
rain events (Cherkauer and Sinha 2010). Because of
the lack of research specifically addressing future
flood dynamics in the region, we currently have low
certainty about future changes in flooding.

Snow and Other Winter Processes

Increases in temperature during winter months are
expected to lead to decreases in snow duration and
extent across the region in the coming decades.
Simulations of changes in snow cover extent in
North America over the 21st century suggest that it
will continue to decrease, and at a faster rate than it
did during the 20th century (Frei and Gong 2005).
Similarly, another study projected declining snow
cover duration in the eastern United States over the
21st century (Brown and Mote 2009). Trends in the
annual maximum snow water equivalent (i.e., the
amount of water contained in snowpack) over the
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21st century are less clear, but most models project
a decrease across the assessment area (Brown and
Mote 2009). These broader trends are expected to be
manifested as a reduction in snow across the Central
Hardwoods Region, as it is already a marginal area
for snow.

To examine changes in winter processes at a

more regional level, Sinha and Cherkauer (2010)
simulated changes in snow water equivalent, soil
frost, and other winter processes by using two
downscaled GCMs (HadCM3 and GFDL) and B1,
A1B, and A2 emissions scenarios as inputs into

the VIC model for Illinois and Indiana. With the
exception of the high emissions scenario in the 2010
to 2039 period, their study projected an overall
reduction in the amount of snow water equivalent,
which was due to an increase in temperature and a
decrease in snowfall (Sinha and Cherkauer 2010).
Their study also indicated a reduction in the number
of days the soil is frozen in the middle and late
century, and suggested that far southern Illinois and
Indiana may experience years without soil frost

at the end of the century. Although a reduction in
soil frost days could increase water infiltration

into the soil and reduce runoff, it could also lead

to greater soil water losses through increased
evapotranspiration and an increased susceptibility to
pest outbreaks (Sinha and Cherkauer 2010).

Freeze-thaw cycles can be important determinants
of soil erosion risk. All other things being equal,
fewer freeze-thaw cycles may result in less erosion.
Southern Illinois and Indiana are projected to
experience as many as three fewer freeze-thaw
cycles by the end of the century under both high
and low emissions scenarios (Sinha and Cherkauer
2010). Because much of the area currently
experiences three or fewer cycles in an average year,
this projection indicates that many years at the end
of the century may not have any freeze-thaw cycles.
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GROWING SEASON LENGTH

As noted in Chapter 3, a variety of metrics describe
trends in growing season length, and trends in the
Central Hardwoods Region over the past century
have depended on the metric used. Information

for future projections of growing season length

is primarily limited to length of time between the
last day below 32 °F (0 °C) in the spring and the
first day below 32 °F in the fall. A study covering
the entire Midwest region examined the changes

in dates for the last spring frost and first fall frost
under a range of climate scenarios (Wuebbles and
Hayhoe 2004). This study projected that the growing
season would be extended by 30 to 70 days by the
end of the century, both from an earlier last spring
frost date and a later first fall frost. A more recent
study suggests a more modest increase in the frost-
free season at mid-century of 20 to 28 days across
the Central Hardwoods Region, with the largest
increase in southern Indiana (Kunkel et al. 2013).
How this projection translates into the actual length
of the growing season, as determined by leaf-out
and senescence, has not yet been examined for the
region.

CONCLUSIONS

Across a wide spectrum of potential models and
emissions scenarios, it appears that temperatures
will almost certainly increase across all seasons over
the 21st century, reaching annual temperatures that
are 2 to 7 °F (1.1 to 3.9 °C) higher than the last 30
years of the 20th century. However, it is uncertain
which seasons will have the greatest change in
temperature. Precipitation is projected to increase
in winter and spring by 2 to 5 inches for the two
seasons combined, leading to increased runoff

and streamflow. Climate models disagree about
how precipitation may change in summer and fall.
Summer precipitation may increase up to 3 inches
in summer or decrease up to 8 inches. Changes in
temperature and precipitation will subsequently
lead to changes in extreme weather events and
local hydrology. We are fairly certain that heavy
precipitation events will increase, snow cover will
decrease, and eventually soil frost will decrease

as well. However, more uncertainty remains with
respect to changes in tornadoes and thunderstorms,
seasonal soil moisture patterns, and flooding.

Missouri Ozarks in fall. Photo by Steve Shifley, U.S. Forest Service.
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ON'FORESTS

Changes in climate have the potential to have
profound effects on forests of the Central Hardwoods
Region. Many tree species that are currently present
may fare worse under warmer temperatures and
altered precipitation patterns. Other species may

do better under these conditions, and some species
not currently present may have the potential to do
well if conditions allow them to disperse to newly
suitable areas. In addition, climate change can have
indirect effects on forests in the region by changing
insect pests, pathogens, invasive species, nutrient
cycling, and the probability, severity, and extent of
wildfire and severe storms. This chapter summarizes
the potential impacts of climate change on forests

in the Central Hardwoods Region over the next
century, with an emphasis on changes in tree species
distribution and abundance.

MODELED PROJECTIONS OF
FOREST CHANGE

Climate change has the potential to alter the
distribution of tree species across the Central
Hardwoods Region. Over the past several thousand
years, species ranges in the Central Hardwoods
Region have fluctuated with large-scale changes in
climate (see Chapter 1). The ranges of tree species
in eastern North America have generally shifted
northward as the climate has warmed over the past
several thousand years since the last ice age (Davis
1981, Delcourt and Delcourt 1987, Webb et al.
1987). Evidence is mounting that plant and animal
species are currently undergoing range shifts in
response to a changing climate (Woodall et al. 2005,
2009; see Chapter 3). Such shifts are expected to
continue and even accelerate in the coming decades
as the rate of temperature increase accelerates.
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Projections of potential tree species distribution and
abundance across the Central Hardwoods Region are
currently available from three modeling efforts:
Tree Atlas, LINKAGES, and LANDIS PRO

(Table 11). These models use two sets of projected
changes in temperature and precipitation (PCM B1
and GFDL A1FI; Chapter 4) to forecast alterations
in tree species distribution and abundance. Tree
Atlas provides projections for dozens of tree species
over large areas, but does not include dynamic
processes such as nutrient cycling or migration. The
LINKAGES model provides projections for fewer
species, but at finer scales, and incorporates changes
in nutrient cycling. The LANDIS PRO model also
focuses on fewer species, but works on a fine-scale,
spatially dynamic grid to simulate succession and
species migrations. Each model projects slightly
different variables that relate to distribution and
abundance. For a more thorough description of the
different models, and their strengths and limitations,
see Chapter 2.

Tree Atlas

Importance values of 134 eastern tree species were
modeled for potential habitat suitability in the
assessment area by using the DISTRIB model, a
component of the Tree Atlas toolset (Iverson and
Prasad 2002, Iverson et al. 2008). Importance value
is an index of the relative abundance of a species

in a given community, and can range from 0 (not
present) to 100 (one species covering the entire
area). Cell-by-cell importance values are then
summed across the assessment area to reach the
area-weighted importance value for a species, so
area-weighted importance values can be well above
100. In Missouri, 79 of the 134 species were of
interest because they currently have or are projected
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Table 11.—Overview of models used in this assessment.

Tree Atlas

LINKAGES

LANDIS PRO

species distribution

model (DISTRIB) plus
supplementary information
(modifying factors)

Model type

Primary output area-weighted importance

values by species

Number of species evaluated 80

Areas evaluated IL, IN, MO

Spatial resolution 12-mile grid

Climate periods evaluated 2010 to 2039
2040 to 2069

2070 to 2099

Simulation period n/a

Migration simulated No

Disturbance simulated No (but addressed through

modifying factors)

Succession simulated No

Nutrient and No

water dynamics simulated

temporally dynamic process
model

establishment probability
by species

7 species or species groups
MO
landforms in subsections

1980 to 2003
2080 to 2099

30 years
No

No

No

Yes

spatially and temporally dynamic
process model

basal area, trees per acre by
species, biomass, importance values

6 species or species groups
MO
295-foot grid

1980 to 2003
2001 to 2100

100 years
Yes

simulated current harvest and
suppressed fire

Yes

No

to have suitable habitat in the area. For Illinois there
were 75, and 82 species were of interest in Indiana.

The following tables show the projected change in
potential suitable habitat for these species of interest
for 2070 to 2099 compared to present values.
Species were categorized based upon whether the
results from the two climate-emissions scenarios
projected an increase, decrease, or no change in
suitable habitat compared to current conditions,

or if the model results were mixed. Further,

some tree species that are currently not present

in the assessment area were identified as having
potential suitable habitat in the future under one

or both scenarios. See Appendix 9 for projections
of importance values under each model-scenario
combination for three periods (2010 to 2039, 2040 to
2069, and 2070 to 2099).

A plus or minus sign after a species name indicates

that certain modifying factors could lead it to fare

better or worse than model projections. Modifying

factors include life history traits or environmental

factors that make a species more or less likely to
persist on the landscape (Matthews et al. 2011b).
Examples of modifying factors are fire or drought

tolerance, dispersal ability, shade tolerance, site
specificity, and susceptibility to insect pests and
diseases. These factors can then be weighted by their

intensity, level of uncertainty about their impacts,

and relative importance to future changes to arrive
at a numerical score (Matthews et al. 2011) (see
Appendix 9). Modifying factors are highly related to
the adaptive capacity of a species (see Chapter 6). A
species with a large number of very strong positive
modifying factors would have a high adaptive
capacity, and a species with a large number of very
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strong negative modifying factors would have a low
adaptive capacity (Table 12). See Appendix 9 for
specific modifying factors for each species and a
description of the numerical scoring system.

When examining these results, it is important to keep
in mind that model reliability was generally higher
for more common species than for rare species. See
Appendix 9 for specific rankings of model reliability
for each species.

lllinois

Of the 75 species examined for the Illinois portion
of the assessment area, suitable habitat for 12 of
them was projected to decline or be extirpated under
both climate scenarios (Table 13). One species,
butternut, was projected to lose all suitable habitat
in the area. Butternut is expected to experience
additional negative impacts from butternut canker.
Among the major species in the area, more were
projected to experience small decreases than large
decreases in suitable habitat. Some decreasers, such
as sugar maple (Fig. 32), chestnut oak, and white
oak have positive modifying factors that could allow
them to do better than expected. Chestnut oak and
white oak are tolerant of drought and fire, which
may allow them to persist if these factors become

more prevalent across the landscape. Other species,
such as white ash, are expected to get a double hit
from negative climate impacts coupled with pest and
disease impacts.

Suitable habitat for 12 species in the Illinois portion
of the assessment area was projected to remain
relatively stable under projected climate change.
Some species may actually increase in importance
given their positive modifying factors. Because of
strong dispersal and seedling establishment ability,
red maple is expected to fare well across much of
the assessment area, as long as individuals are not
exposed to fire. Pin oak, pecan, and black willow
have various factors that could cause them to decline
despite being relatively unaffected by changes in
climate alone.

Twenty-two species were projected to have an
increase in suitable habitat in the assessment

area. Species such as bur oak and blackjack oak
have several adaptations such as drought and fire
tolerance that could further benefit the species. Some
species may not be as successful as projections
would suggest, however. Shortleaf pine, for
example, is highly susceptible to southern pine
beetle attack, which may expand into the area as

Table 12.—Species with the five highest and lowest ratings for adaptive capacity, based on adaptability score

determined from modifying factors (see Appendix 9).

Species

Factors that affect rating (modifying factors)

Highest adaptive capacity

1. red maple
2. boxelder
tolerances, drought-tolerant
3. sourwood shade-tolerant, wide range of habitats
4. Nuttall oak wide range of habitats
5. bur oak drought-tolerant, fire-tolerant

high probability of seedling establishment, wide range of habitats, shade-tolerant, high dispersal ability
high probability of seedling establishment, shade-tolerant, high dispersal ability, wide range of temperature

Lowest adaptive capacity

1. pecan fire-intolerant, susceptibility to insect pests, shade-intolerant

2. butternut shade-intolerant, drought-intolerant, butternut canker, susceptible to fire topkill
3. white ash emerald ash borer, drought-intolerant, susceptible to fire topkill

4. blue ash

5. swamp tupelo

emerald ash borer, drought-intolerant, susceptible to fire topkill, shade-intolerant, narrow habitat range
drought-intolerant, susceptible to fire topkill, shade-intolerant, narrow habitat range
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temperatures increase. Green ash is at risk for a species currently not found in the area (water oak,

dramatic decline from the emerald ash borer despite water locust, cedar elm, and slash pine), but negative

its projected tolerance of future climate shifts. modifying factors may reduce the ability of many of

Habitat was projected to become suitable for four these species to colonize new areas.

Table 13.—Classes of suitable habitat for tree species in the lllinois portion of the assessment area, 2070 through
2099, under the PCM B1 and GFDL A1FI scenarios. Species are assigned to change classes based on the ratio of end-
of-century (2070 through 2099) to current area-weighted importance value. See Appendix 9 for details in assigning

change class. (+) species with a high adaptability score (>5.2); (-) species with a low adaptability score (<3.3).

Decrease Under Both Scenarios

Mixed Results (continued)

Common name PCM B1 GFDL A1FI Common name PCM B1 GFDL A1FI
Black cherry (-) small decrease large decrease Northern pin oak (+) small decrease small increase
Butternut (-) extirpated extirpated Northern red oak (+) no change large decrease
Chestnut oak (+) small decrease small decrease Osage-orange (+) small increase no change
Eastern white pine (-) large decrease large decrease Overcup oak (-) no change small increase
Ohio buckeye small decrease small decrease Pawpaw small increase large decrease
Shagbark hickory small decrease large decrease Pignut hickory no change small decrease
Shingle oak small decrease small decrease Sassafras no change large decrease
Sugar maple (+) small decrease large decrease Scarlet oak no change large decrease
Swamp chestnut oak small decrease small decrease Shumard oak (+) small decrease large increase
Swamp white oak small decrease large decrease Silver maple (+) no change small increase
White ash (-) small decrease large decrease Slippery elm no change small decrease
White oak (+) small decrease large decrease Swamp tupelo (-) small increase no change
Sycamore no change small decrease
No Change Wild plum no change small increase
Common name PCM B1 GFDL A1FI Yellow-poplar (+) small increase small decrease
Baldcypress no change no change
Bitternut hickory (+) no change no change Increase Under Both Scenarios
Black willow (-) no change no change Common name PCM B1 GFDL ATFI
Eastern redcedar no change no change American hornbeam small increase large increase
Flowering dogwood no change no change Black hickory large increase large increase
Kentucky coffeetree no change no change Black locust small increase small increase
Mockernut hickory (+) no change no change Blackjack oak (+) large increase large increase
Pecan (-) no change no change Boxelder (+) no change large increase
Pin oak (-) no change no change Bur oak (+) large increase large increase
Red maple (+) no change no change Cherrybark oak large increase small increase
Shellbark hickory no change no change Eastern cottonwood small increase small increase
Willow oak no change no change Eastern redbud small increase large increase
Loblolly pine large increase large increase
Mixed Results Post oak (+) small increase large increase
Common name PCM B1 GFDL A1FI Red mulberry small increase large increase
American basswood small decrease small increase River birch small increase small increase
American beech no change large decrease Shortleaf pine small increase large increase
American elm no change small decrease Southern red oak (+) large increase large increase
Black oak no change small decrease Sugarberry large increase large increase
Black walnut no change large decrease Sweetgum small increase small increase
Blackgum (+) large increase small decrease Winged elm large increase large increase
Chinquapin oak small increase small decrease
Common persimmon (+) no change small increase New Habitat
Eastern hophornbeam (+)  no change small increase Common name PCM B1 GFDL A1FI
Green ash no change small increase Cedar elm (-) new habitat new habitat
Hackberry (+) no change small decrease Slash pine new habitat new habitat
Honeylocust (+) no change small increase Water locust new habitat new habitat
Jack pine small decrease small increase Water oak new habitat new habitat

Northern catalpa

small decrease

no change
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Climate scenarios were not consistent on the
classification of potential change for 29 of the
species examined. For the most part, these
differences were small, usually between no projected
change and a small increase or decrease. However,
pawpaw, yellow-poplar, and chinquapin oak were
projected to increase in suitable habitat under PCM
B1, but decrease under GFDL A1FI. Conversely,
jack pine, American basswood, and northern pin oak
were projected to increase in suitable habitat under
GFDL A1FI, but decrease under PCM B1. These
final three species are all more-northern species that
are relatively rare in the assessment area, so their
projected increase under GFDL A 1FI may reflect
low model reliability at the edge of their ranges.
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Figure 32.—Modeled importance values for sugar maple across
the assessment area using the DISTRIB model for current
climate conditions (top) and projected for 2070 through 2099
under the PCM B1 and GFDL A1FI climate scenarios. Importance
values can range from 0 to 100. An importance value of zero
(light yellow) indicates that the species is not present.
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Indiana

Of the 82 species evaluated for Indiana, suitable
habitat for 10 of them was projected to decline by
the end of the century under both climate scenarios

(Table 14). No species was projected to experience

a complete loss of suitable habitat in the area under

both scenarios. More species were projected to

experience small declines than large declines in

Table 14.—Classes of suitable habitat for tree species in the Indiana portion of the assessment area, 2070 through
2099, under the PCM B1 and GFDL A1FI scenarios. Species are assigned to change classes based on the ratio of end-
of-century (2070 through 2099) to current area-weighted importance value. See Appendix 9 for details in assigning
change class. (+) species with a high adaptability score (>5.2); (-) species with a low adaptability score (<3.3).

Declines Under Both Scenarios

Mixed Results

Common name PCM B1 GFDL A1FI Common name PCM B1 GFDL A1FI
American basswood small decrease large decrease Shagbark hickory no change small decrease
Bigtooth aspen large decrease extirpated Shellbark hickory small increase no change
Black cherry (-) small decrease large decrease Shingle oak no change small increase
Black maple (+) small decrease extirpated Shumard oak (+) small decrease large increase
Blue ash (-) small decrease small decrease Silver maple (+) no change small increase
Butternut (-) small decrease extirpated Slippery elm no change large decrease
Kentucky coffeetree small decrease large decrease Sourwood (+) small increase no change
Swamp chestnut oak small decrease small decrease Sugar maple (+) no change large decrease

Yellow birch

Yellow buckeye (-)

large decrease
small decrease

large decrease
small decrease

No Change

Common name PCM B1 GFDL A1FI
Baldcypress no change no change
Black oak no change no change
Northern catalpa no change no change
Pignut hickory no change no change
Red maple (+) no change no change
Wild plum (-) no change no change
Mixed Results

Common name PCM B1 GFDL A1FI
American beech no change large decrease
American elm no change small decrease
American hornbeam no change small increase
Black locust no change small decrease
Black walnut small increase large decrease

Blackgum (+)
Cherrybark oak
Chestnut oak (+)
Chinquapin oak

Eastern hophornbeam (+)

Eastern redcedar

Eastern white pine (-)
Flowering dogwood

Hackberry (+)
Jack pine

Mockernut hickory (+)
Northern pin oak (+)
Northern red oak (+)

Ohio buckeye
Overcup oak (-)
Pawpaw

Pecan (-)

Rock elm (-)
Sassafras
Scarlet oak

small increase
small increase
no change
small increase
no change
no change
no change
no change
small increase
small decrease
no change
small decrease
no change
no change
no change
small increase
small decrease
small increase
no change
small increase

no change
no change
small decrease
small decrease
small increase
small decrease
large decrease
small decrease
no change
no change
small increase
no change
small decrease
large decrease
small increase
large decrease
no change
large decrease
large decrease
large decrease

Swamp tupelo (-)
Swamp white oak
Sycamore
Virginia pine
White ash (-)
White oak (+)
Yellow-poplar (+)

small increase

small increase
no change

small increase
no change
no change
no change

Increase Under Both Scenarios:

Common name

PCM B1

large decrease
large decrease
small decrease
no change
large decrease
small decrease
large decrease

GFDL A1FI

Bitternut hickory (+)
Black hickory

Black willow (-)
Blackjack oak (+)
Boxelder (+)

Bur oak (+)
Common persimmon (+)
Eastern cottonwood
Eastern redbud
Green ash
Honeylocust (+)
Osage-orange (+)
Pin oak (-)

Post oak (+)

Red mulberry

River birch

Shortleaf pine
Southern red oak (+)

small increase
large increase
small increase
large increase
small increase
large increase
small increase
small increase
small increase
small increase
small increase
small increase
small increase
large increase
small increase
small increase
large increase
large increase

small increase
large increase
small increase
large increase
small increase
large increase
large increase
small increase
small increase
large increase
small increase
small increase
small increase
large increase
large increase
smalli
large increase
large increase

Sugarberry small increase large increase
Sweetgum large increase small increase
Winged elm large increase large increase
New Habitat

Common name PCM B1 GFDL A1FI
Cedar elm (-) new habitat new habitat
Loblolly pine (-) new habitat new habitat
Slash pine new habitat new habitat
Water oak new habitat new habitat
Willow oak new habitat new habitat
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suitable habitat. Many of these species are relatively
rare on the landscape. Species such as black cherry
and blue ash may decline more than projected

by climate alone due to factors such as their
susceptibility to insect pests and fire topkill.

Suitable habitat for six species in Indiana was not
projected to change much over the next century
based on changes in climate alone. However, red
maple may increase on the landscape due to its high
dispersal and establishment abilities and its wide
habitat tolerances, at least in areas not subjected to
increased wildfire.

Twenty-six species were projected to experience
an increase in suitable habitat. Some species may
do even better than projected by climate alone.
For example, post oak and blackjack oak have
high tolerance for both drought and fire. Habitat
was projected to become suitable for five species
currently not found in the area (water oak, willow
oak, cedar elm, loblolly pine, and slash pine).
Modifying factors may limit the ability of some
of these species to spread to newly suitable areas,
however.

There was an inconsistent classification of change
between scenarios for 40 species. As with Illinois,
many of these differences were small, such as
between no change and a small or large decrease.
Eastern redcedar, for example, is widely distributed
across the assessment area and suitable habitat was
projected to remain stable in the coming century,
despite a small decline projected under GFDL
ATFI (Fig. 33). However, black walnut, pawpaw,
chinquapin oak, swamp white oak, and scarlet oak
were projected to increase under PCM B1, but
decrease under GFDL A1FI. Jack pine, American
basswood, and northern pin oak were projected to
increase under GFDL A1FI, but decrease under PCM
B1, but as mentioned earlier, this could be due to
low model reliability at the edge of their range.
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Figure 33.—Modeled importance values for eastern redcedar
across the assessment area using the DISTRIB model for current
climate conditions and projected for 2070 through 2099 under
the PCM B1 and GFDL A1FI climate scenarios. Importance
values can range from 0 to 100. An importance value of zero
(light yellow) indicates that the species is not present.
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Missouri

Of the 79 species evaluated in the Missouri Ozarks,
14 were projected to decline in suitable habitat under

both scenarios (Table 15). Butternut was the only

species projected to have a complete loss of suitable
habitat. Although white oak fell into the decrease
category, its tolerance of drought and fire suggest it

may fare better than projected. Other species may

Table 15.—Classes of suitable habitat for tree species in the Missouri Ozarks portion of the assessment area, 2070
through 2099, under the PCM B1 and GFDL A1FI scenarios. Species are assigned to change classes based on the ratio
of end-of-century (2070 through 2099) to current area-weighted importance value. See Appendix 9 for details in
assigning change class. (+) species with a high adaptability score (>5.2); (-) species with a low adaptability score (<3.3).

Decrease Under Both Scenarios

Mixed Results (continued)

Common name PCM B1 GFDL A1FI Common name PCM B1 GFDL A1FI
American beech small decrease large decrease Eastern hophornbeam (+)  no change large increase
American elm small decrease small decrease Flowering dogwood no change small decrease
Butternut (-) extirpated extirpated Green ash no change small increase
Cherrybark oak small decrease large decrease Honeylocust (+) no change large increase
Ohio buckeye small decrease small decrease Northern red oak (+) no change small decrease
Rock elm (-) small decrease extirpated Nuttall oak (+) no change small decrease
Sassafras small decrease small decrease Overcup oak (-) no change small increase
Scarlet oak large decrease large decrease Pawpaw no change large decrease
Shagbark hickory small decrease small decrease Pignut hickory small decrease no change
Shellbark hickory small decrease small decrease Post oak (+) no change small increase
Slippery elm small decrease small decrease Red mulberry no change small increase
Sugar maple (+) small decrease large decrease River birch no change small increase
Swamp white oak small decrease extirpated Shingle oak large decrease small increase
White oak (+) small decrease large decrease Silver maple (+) no change large increase
Swamp tupelo (-) no change no change
No Change White ash (-) no change small decrease
Common name PCM B1 GFDL A1FI
Baldcypress no change no change Increase Under Both Scenarios
Bitternut hickory (+) no change no change Common name PCM B1 GFDL ALFI
Black cherry (-) no change no change American hornbeam small increase large increase
Black hickory no change no change Black locust small increase small increase
Blue ash (-) no change no change Blackjack oak (+) small increase small increase
Common persimmon (+) no change no change Chestnut oak (+) large increase small increase
Eastern redbud no change no change Osage-orange (+) small increase small increase
Eastern redcedar no change no change Pin oak (-) small increase small increase
Hackberry (+) no change no change Red maple (+) small increase large increase
Mockernut hickory (+) no change no change Shortleaf pine large increase large increase
Northern catalpa no change no change Shumard oak (+) small increase small increase
Pecan (-) no change no change Southern red oak (+) large increase large increase
Sycamore no change no change Sugarberry large increase large increase
Virginia pine no change no change Sweetgum large increase large increase
Willow oak no change no change Wild plum small increase small increase
Winged elm large increase large increase
Mixed Results Yellow-poplar (+) small increase small increase
Common name PCM B1 GFDL A1FI
American basswood small decrease large increase New Habitat
Black oak no change small decrease Common name PCM B1 GFDL ALFI
Black walnut no change large decrease Cedar elm (-) new habitat new habitat
Black willow (-) no change large increase Jack pine NA new habitat
Blackgum (+) small increase no change Loblolly pine new habitat new habitat
Boxelder (+) no change large increase Longleaf pine new habitat NA
Bur oak (+) no change large increase Northern pin oak (+) NA new habitat
Chinquapin oak small increase small decrease Quaking aspen NA new habitat
Chittamwood: Slash pine new habitat new habitat
gum bumelia (+) small decrease no change Sourwood (+) new habitat NA
Eastern cottonwood no change large increase Water oak new habitat new habitat
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fare even worse than projected. For example, rock
elm has a narrow habitat specificity and has poor
seedling establishment.

Suitable habitat for 15 species was projected to
stay similar to today when modifying factors are
not considered. Some species may do worse than
projected, however. For example, black cherry is
susceptible to fire topkill and insect outbreaks, and
blue ash is susceptible to emerald ash borer. Other
species may fare better than projected. Bitternut
hickory and hackberry can both tolerate drought,
which may allow them to do better than other
species if droughts become more widespread.

Twenty-four species were projected to increase in
suitable habitat, of which nine are not currently
found in the assessment area. Suitable habitat for
shortleaf pine, for example, is projected to expand
beyond its current range (Fig. 34). Many of these
species possess modifying factors that could affect
their ability to expand into newly suitable habitats.
Winged elm may fare worse than projected due

to its susceptibility to Dutch elm disease. The
strong dispersal ability of red maple may allow it
to disperse into new areas. Blackjack oak is both
fire- and drought-tolerant, making it resilient to
many of the stressors that are expected to increase
as the climate changes. All oak species are dispersal
limited to some extent, however, due to their heavy
seeds.

Model projections showed some disagreement
between scenarios in the classification of change
for 25 of the species examined, but most of these
differences were small. Black walnut was projected
to remain stable under PCM B1 but experience a
large decrease under GFDL A1FI. Shingle oak and
American basswood were projected to decrease in
suitable habitat under PCM B1, but increase under
GFDL ATFL
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Figure 34.—Modeled importance values for shortleaf pine
across the assessment area using the DISTRIB model for current
climate conditions (top) and projected for 2070 through 2099
under the PCM B1 and GFDL A1FI climate scenarios. Importance
values can range from 0 to 100. An importance value of zero
(light yellow) indicates that the species is not present.
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LINKAGES
Missouri

Tree species establishment probability was estimated
based on biomass predictions from the LINKAGES
model for seven species and species groups for two
climate periods in the Missouri Ozarks portion of the
assessment area. Species establishment probability is
the seedling establishment rate for a given landtype,
where zero represents no ability to establish and one
represents optimal conditions for establishment. It
can be interpreted as a measure of habitat suitability,
but does not account for effects of interspecific
competition and disturbance. Species establishment
probability was modeled for 50 sites in the Missouri
Ozark Highlands section (5 landtypes within each
of 10 ecological subsections) for current climate
(1980 through 2003) and projected climate (2080
through 2099) under the PCM B1 and GFDL A1FI
climate scenarios. An area-weighted mean was then

calculated for the entire Ozark Highlands Section in
Missouri.

Establishment probability was projected to remain
relatively unchanged for white oak, American elm,
and eastern redcedar (Fig. 35). For all three of these
species, establishment probability was slightly
better under PCM B1 than under either GFDL

AT1FI or current climate conditions. Establishment
probability for sugar maple was projected to decline
to zero under both climate scenarios. Establishment
probability for red oak species (northern red and
black oak) was projected to increase under the

PCM BI scenario, and decrease under GFDL A1FI.
Establishment probability was projected to increase
for shortleaf pine and loblolly pine under both future
climate scenarios. Shortleaf pine was projected to

be most successful under the PCM B1 scenario,
whereas loblolly was projected to be most successful
under GFDL A1FIL.

0.7 4

0.6 1

0.5 4

Species Establishment Probability

0.4 A
0.3 4
0.2 A
- 'I I

B Current Climate
= PCM B1
B GFDL ALFI

I

American Elm Red Oak Group White Oak

Sugar Maple

Eastern Redcedar Shortleaf Pine Loblolly Pine

Figure 35.—Average area-weighted mean species establishment probability for current climate (1980 through 2003 average) and
projected for 2080 through 2099 under the PCM B1 and GFDL A1FI climate scenarios across the Missouri Ozark Highlands. The red

oak group value is the average for northern red and black oak.
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LANDIS PRO

Missouri

Landscape change was modeled over the 21st
century for the Missouri Ozarks with the LANDIS
PRO model for current climate (1980 through 2003)
and projected climate (2001 through 2100) by using
the species establishment probabilities developed
from the LINKAGES model. Changes in basal

area (cross-sectional area of tree boles measured

at a height of 21.5 inches above the ground) and

the number of trees per acre by species or species
group were simulated over a 100-year period. The
LANDIS PRO model uses the two climate change
model-emissions scenarios used by the other impact
models (PCM B1 and GFDL A1FI) and a current
climate scenario. Percentage change in future
compared to current climate was summarized at
years 2040, 2070, 2090, and 2100 (Figs. 36

and 37). In contrast to LINKAGES, LANDIS

PRO is able to simulate stand- and landscape-level
processes such as competition, seed dispersal, and
disturbance. In the scenarios below, however, these
factors were held constant among model simulations
so that differences between the current climate

and future climate scenarios are limited to the
effects of precipitation and temperature on species
establishment probabilities. Model simulations
assumed current harvest levels on public and
private lands, and fire was suppressed. However,

it is expected that both of these factors will also
change in the future as climate changes. The species
establishment probabilities were determined by
using LINKAGES as described in the previous
section. Species establishment probabilities changed
over time during the simulations to match the
expected changes in temperature and precipitation
for each scenario.

No dramatic changes in basal area or trees per

acre were projected for the soft hardwoods group
(American elm, slippery elm, and willow species).
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The number of trees per acre is projected to increase
by 3 to 6 percent by the end of the century relative
to current climate, depending on future climate
scenario. Changes in basal area are even more
subtle, reaching a 2- to 4-percent increase by 2100.
A slightly higher basal area and trees per acre were
projected under the GFDL A1FI scenario than under
the PCM B1 scenario.

The LANDIS PRO model projected a dramatic
decrease in the number of sugar maple trees per
acre over the next century under the PCB B1 and
GFDL AT1FI climate scenarios compared to the
current climate scenario, reaching about 80-percent
decline by 2100. This projection indicates that
maple seedlings may be unable to establish on the
landscape and replace older trees as they die. The
model projects a less dramatic, but still substantial,
decrease in basal area under both climate model-
emissions scenarios, suggesting that larger, older
trees may persist on the landscape. Over a longer
timeframe, these projections suggest that sugar
maple species would disappear from the landscape
as mature trees die and new trees fail to establish
because of a lack of regeneration under both future
climate scenarios as projected in LINKAGES.

Projected changes in the red oak group (northern
red, black, southern red, pin, Shumard, scarlet, and
blackjack oak) varied by climate scenario. Red oak
group species had an increase in basal area and
trees per acre under the PCM B1 scenario, possibly
due to increased seedling establishment projected
in LINKAGES. The GFDL A1FI scenario resulted
in decreased trees per acre, attributable to low
seedling establishment projected in LINKAGES.
Basal area was projected to stay relatively constant
under GFDL A1FI. Conditions thus are projected
to continue to be suitable for mature trees, at least
in the short term, but lack of establishment of new
individuals may eventually lead to decline in the
species once the older individuals die.
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Figure 36.—Projected changes in basal area for six species and species groups across the Missouri Ozark Highlands using the LANDIS
PRO model. Values represent the percentage change in basal area between projected and current climate at simulation year 2040,
2070, 2090, and 2100 under two future climate scenarios: PCM B1 and GFDL A1FI. A positive value indicates an increase relative to
current climate and a negative value a decrease. Eastern soft hardwoods group: American elm, with slippery elm and, to a lesser
extent, willow species. Red oak group: northern red, black, southern red, pin, Shumard, scarlet, and blackjack oak. White oak group:

white, post, swamp white, and bur oak.

Basal area and the number of trees per acre in the
white oak group (white, post, swamp white, and bur
oak) were projected to increase slightly under both
future climate scenarios. A greater increase in both
basal area and trees per acre was projected in GFDL
A1FI than in PCM B1. This result is in contrast to

the projections in LINKAGES, which suggested
white oak group species may be most successful
under the PCM B1 scenario. One explanation for
this difference is that establishment was projected to
be higher for the white oak group under GFDL A1FI
conditions and higher for the red oak group under
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Figure 37.—Projected changes in trees per acre for six species and species groups across the Missouri Ozark Highlands using the
LANDIS PRO model. Values represent the percentage change in trees per acre between projected and current climate at simulation
year 2040, 2070, 2090, and 2100 under two future climate scenarios: PCM B1 and GFDL A1FI. A positive value indicates an increase
relative to current climate and a negative value a decrease. Eastern soft hardwoods group: American elm, with slippery elm and, to a
lesser extent, willow species. Red oak group: northern red, black, southern red, pin, Shumard, scarlet, and blackjack oak. White oak

group: white, post, swamp white, and bur oak.

PCM BI1 and current climate scenarios. Therefore,
the model projections suggest that the white oak
group may have a competitive advantage over the
red oak group under GFDL A1FIL.

Simulations in LANDIS PRO suggested that

changes in climate were not projected to have
significant effects on eastern redcedar in the region.
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Changes in both basal area and trees per acre were
less than 3 percent, even at the end of the century.
By 2100, a small increase of a few percent in both

basal area and trees per acre under both scenarios
could be observed. This positive trend could

continue if simulations were carried out into the next

century.
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Basal area and number of trees per acre of
shortleaf pine were projected to increase under
both future climate scenarios relative to the current
climate scenario. Increases in both values were
modest, reaching 18 percent more trees per acre
and 6 percent greater basal area under the GFDL
A1FI scenario. The number of trees per acre was
projected to increase more rapidly than basal area,
reflecting the establishment of new individuals

on the landscape rather than enhanced growth of
established trees. In contrast to LINKAGES, model
results for LANDIS PRO suggested establishment
and growth would be greatest under the GFDL A1FI
scenario. This difference in result was probably
driven by shortleaf pine colonizing newly suitable
areas made available by declining species in the
LANDIS PRO simulations.

Comparison of Model Results

Despite the differences in approach and variables
modeled, all three models show some remarkable
similarities in projected species distribution over the
next century. For example, all three models suggest
that habitat suitability for sugar maple may decline
over the next century, while suitability for shortleaf
pine may increase. The modeling approach used by
the Tree Atlas (DISTRIB) allows a greater area and
number of species to be modeled, so it is unclear if
the model projections for species and geographic
areas not modeled by LINKAGES and LANDIS
PRO might be similar to DISTRIB projections.
Below is a comparison of the similarities and
differences in projections for those species that
were modeled using all three approaches.

Eastern Redcedar

All three models suggest that conditions are
projected to continue to be favorable for eastern
redcedar across the landscape, and changes in
climate are not projected to have a dramatic effect
on the ability of this species to spread to new areas.
Both LINKAGES and DISTRIB project slightly
more favorable conditions for eastern redcedar under
the PCM B1 scenario than under current climate

conditions. By contrast LANDIS PRO projections
suggest that eastern redcedar may have slightly
greater growth (as measured by basal area) under
the GFDL A1FI scenario than under PCM BI1.
Nevertheless, the wide distribution of this species
suggests that it will probably continue to do well
under a range of climate conditions.

Eastern Soft Hardwoods

Simulations in LINKAGES and LANDIS PRO
suggest that changes in climate may not have a
strong effect on American elm and associated
species. The DISTRIB model suggests these species
may react differently to projected climate, however,
with slight increases for willow and slight decreases
for the elm species. These results suggest that this
species group as a whole may remain relatively
stable, but conditions may favor a slight increase

in hackberry and a slight decrease in elm species.

White Oak Group

Projections for white oak group species among the
three models were mixed, and may be indicative
of the differences in modeling approach. Results

in LANDIS PRO, which combined white, post,
swamp white, and bur oak into one species group,
suggested that conditions may be slightly more
favorable for this group of species under future
climate conditions compared to current climate. By
contrast, LINKAGES did not project a substantial
change in establishment probability for white oak,
which was slightly more favorable under PCM B1.
The DISTRIB model, which modeled individual
species, projected an increase in habitat suitability
for post oak and bur oak under the GFDL scenario,
and a decrease for white and swamp white oak under
both scenarios in Missouri. Neither LINKAGES nor
DISTRIB accounts for competition among species,
which could explain some of the discrepancy
between these two models and LANDIS PRO.
Another possible explanation for the difference
among projections is whether the species were
grouped or modeled separately.
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Red Oak Group

Both LINKAGES and LANDIS PRO projected an
increase in establishment for red oak group species
under PCM B1, but decreases under the GFDL
ATFI scenario. This result is probably because
PCM projects an increase in summer precipitation
over the next century, whereas GFDL projects a
decrease. Many red oak group species are sensitive
to these seasonal precipitation changes, and are
projected to expand or contract depending on
whether precipitation increases or decreases during
the summer. The DISTRIB model did not show

a consistent difference between the two climate
models for this group of species as a whole.
Projections for northern red oak are consistent with
this pattern, however, suggesting a slight increase
in habitat suitability under PCM B1 and decrease
under GFDL A1FI. The projected changes using
the DISTRIB model for other red oak group species
suggest that black and scarlet oak may decline in
habitat suitability under one or both scenarios, and
blackjack, pin, Shumard, and southern red oak may
increase in habitat suitability.

Sugar Maple

The LINKAGES model projected a decline in
establishment probability near 100 percent for sugar
maple for both future climate scenarios. Simulations
in LANDIS PRO for sugar maple showed that basal
area was not projected to decline as dramatically as
trees per acres over the next century, suggesting that
older trees may persist on the landscape. By contrast,
the DISTRIB model projected only a slight decline
in suitable habitat for sugar maple under the PCM
B1 scenario but a large decline under the GFDL
A1FI scenario. Despite these subtle differences, it
appears that conditions generally will be unfavorable
for this species.

Shortleaf and Loblolly Pine

All three models projected favorable conditions for
shortleaf pine across the assessment area. However,
there were some slight differences among models
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regarding which climate scenario would be most
favorable. Both LANDIS PRO and DISTRIB
projected slightly more favorable conditions under
the GFDL A1FI scenario, but LINKAGES projected
the greatest increase under the PCM B1 scenario.
Both the DISTRIB and the LINKAGES models
projected favorable conditions for loblolly pine to
expand into the area, with greater increases under
the GFDL AT1FI scenario. Loblolly pine was not
modeled with LANDIS PRO because the model
simulated change only for species already present on
the landscape. In general, conditions are expected to
be favorable for both of these species across a range
of future climates.

SUMMARY OF
CURRENT SCIENTIFIC KNOWLEDGE
ON FOREST IMPACTS

The results presented above provide us with
important projections of tree species distributions
across a range of future climates, but these models
do not account for all factors that may influence tree
species and forest communities under a changing
climate. Climate change has the potential to alter the
distribution, abundance, and productivity of forests
and their associated species in a variety of ways
(Climate Change Science Program 2008, Vose et

al. 2012). These effects can broadly be divided into
the direct effects of temperature and precipitation

on forests and the indirect effects on forests through
the alteration of current stressors or the development
of additional stressors. For the most part, models
such as the ones described above consider only
direct effects such as average temperature and
precipitation. Information regarding the current state
of our scientific knowledge on additional direct and
indirect effects of climate change on forests in the
Central Hardwoods Region is described below.

Drought Stress and Mortality

Severe and long-term droughts can have dramatic
impacts on the forests of the Central Hardwoods
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Region. For example, drought events can lead to projected (Mishra et al. 2010), drought-susceptible

the mortality of species in the red oak group via oak tree species could be particularly vulnerable to

decline (Starkey et al. 2004, Voelker et al. 2008) (see ~ mortality.
Box 15). Research in dry-mesic upland forests in
the Missouri Ozarks suggests a positive relationship Blowdowns

between a species’ vessel (part of the anatomical .
. Blowdowns from large and small windstorms
structure of the tree that carries water) length and
mortality during drought events (Fig. 38). Species
such as sassafras and scarlet oak have long vessels
and appear to be particularly susceptible to drought-

related mortality, whereas species such as red maple

can have an important influence on the structure
and species composition of forests in the Central
Hardwoods Region. Some model projections
suggest there may be an overall increase in the
average windspeed in the area, but there does not
and black cherry have shorter vessels and lower . . .
appear to be a projected increase in the number of

mortality. If drought duration and area increase as extreme wind events in the central United States

Box 15. Oak Decline

Oak decline is a phenomenon affecting species in
the red oak group, especially northern red, black,
and scarlet oak. It is a disease complex caused by

a combination of physical and biological stressors.
Older trees growing on sites with shallow soils

can become stressed from drought in particular,
but also from pollution, late spring frosts, or other
environmental stressors. These physical stressors
can make them more vulnerable to attack by insects
and pathogens. The result is a decline in species in
the red oak group. Within the assessment area, oak
decline is a chronic problem in the Ozark Highlands,
affecting hundreds of thousands of acres.

Insects involved in oak decline include the red oak
borer, carpenterworm, and two-lined chestnut borer.
Infestation by the red oak borer appears to increase
when trees are drought stressed (Haavik et al. 2008),
and infestation also increases in conjunction with
warmer mean annual and mean annual minimum
temperatures (Muzika and Guyette 2004). Although
these infestations are often associated with oak
decline, they alone are not typically responsible for
mortality (Fan et al. 2008, Haavik et al. 2008).

Armillaria and Hypoxylon fungi are two pathogens
involved in oak decline. Hypoxylon species commonly
cause a canker-like disease on red and black oaks

that have been stressed by drought, and can lead

to tree death. Armillaria species normally act as
decomposers, but can become parasitic when trees
become stressed and, thus, contribute to tree death.
If climate change increases the duration and extent
of drought or increases the amount of defoliation by
insects due to warmer temperatures, trees could be
more susceptible to attack by this pathogen (Dukes
et al. 2009).

Historical and dendrochronological records indicate
a strong relationship between drought years and
oak decline (Dwyer et al. 1995, Jenkins and Pallardy
1995). As droughts are projected to increase in
duration and aerial extent (Mishra et al. 2010), oak
decline could become an even larger problem for
species in the red oak group across the Missouri
Ozarks, especially for older trees on marginal

sites. Oak decline could be exacerbated by other
stressors: insect defoliation may increase with rising
temperatures, and red oak species may already be
stressed due to a decline in habitat suitability as
projected by the tree species models, especially
under the GFDL A1FI scenario. As these species
decline, new opportunities could open up for other
species that are better adapted to projected climate,
such as pine and white oak group species.
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Figure 38.—Species vessel length correlates with cumulative
mortality between 1981 and 1988 summer droughts at the
Tyson Research Center, St. Louis County, MO. Species with high
ranks for vessel length are more likely to have high ranks for
mortality than expected by chance. Increasing rank denotes
increasing values on each axis. Figure used with permission of
Brad Oberle and Amy Zanne, George Washington University.

(IPCC 2012). In addition, the amount of evidence
to date of changes in extreme storms in this region
is rather limited (IPCC 2012) (see Chapters 3 and
4). Therefore, it is unclear whether blowdowns
will increase across the region. If blowdowns do
increase, the species that are most susceptible

are expected to vary across the assessment area
because of differences in species composition and
stand characteristics. In the southeast Missouri
Ozarks region, past blowdown events appear to
have disproportionately affected older scarlet oaks,
as well as trees on north- and east-facing slopes
(Rebertus and Meier 2001). These events appear
to have created opportunities for regeneration

of white oak, flowering dogwood, and various
hickory species. In the Shawnee National Forest,
a recent blowdown primarily affected oak species
and provided more opportunity for succession by
immature shade-tolerant species in the understory
(Holzmueller et al. 2012). Blowdowns are expected
to continue to be an important disturbance in
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many Central Hardwoods ecosystems, but existing
scientific literature provides no clear indication of
how blowdowns will be affected by the changing
climate.

Winter Storm Damage

Snow and ice damage occurs occasionally across

the area, and is projected to decrease with warmer
temperatures (Chapter 4). This trend could

decrease mortality of trees that are susceptible to
damage from these events. Species such as eastern
redcedar, yellow-poplar, and sweetgum appear

to be particularly susceptible to top breakage and
uprooting from these events (Parker and Ruffner
2004). A study of a 1994 ice storm in Missouri found
that basswood and American elm were the species
most susceptible to ice storm damage, whereas white
oak and shagbark hickory were less susceptible
(Rebertus et al. 1997). Within species, damage
appears to be greater in older, taller individuals and
those on mesic aspects and lower slopes (Rebertus

et al. 1997). These events also create gaps, allowing
growth and expansion of immature trees in the
understory. If these events decrease or are eliminated
from the area, recruitment of shade-intolerant
species in particular may be reduced.

Although snow and ice are projected to decrease
across the area, some evidence suggests that storm
events may actually increase during the winter
(Wang and Zhang 2008). With the projected
increases in temperatures, these events may result
more often in flooding and wind damage than in
snow and ice damage, suggesting winter storms may
function more like summer storms across the region.

Hydrologic Impacts on Forests

Although all forests are expected to be affected

to some extent, bottomland forests are the most
susceptible to the effects of altered hydrologic
regimes as temperatures increase and precipitation
patterns change. Past forest management practices,
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the development of infrastructure, and drainage of
low-lying areas for agriculture have dramatically
altered the hydrologic regimes in bottomland
forests across the region, leading to shifts in species
composition (Romano 2010). Runoff and high-flow
days are projected to increase in the area during
winter and spring, when precipitation is projected
to be greater than current conditions (Chapter 4).
These changes could have important implications
for bottomland forests, which are often waterlogged
in the spring. Changes in flood frequency, duration,
height, and seasonality could all have important
impacts on bottomland forest species.

Information from past flooding events can help
us understand how species in bottomland forests

may respond to future changes in flood frequency,
severity, or duration. The 1993 flood, one of the
largest recorded flooding events to affect the Upper
Mississippi River Basin (including the northern
boundary of the assessment area), resulted in higher
levels of mortality in maple, elm, and minor species
such as river birch and hackberry compared to

oak, hickory, and ash species (Yin et al. 2009a).
Smaller, younger individuals were also more
susceptible to mortality from the flood than older
individuals. Since this event, however, survival

and recruitment of new seedlings has favored
maple and ash and led to a reduction in the oak
component in the understory, such as swamp white
oak, pin oak, and black oak. Based on these results,
ashes are classified as flood-stimulated species;
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maple, hickory, and a variety of minor species are
considered flood-tolerant species; and oaks and
elms are considered flood-intolerant species (Yin

et al. 2009a). Research suggests that oak species in
bottomland systems could potentially decline and
hickory species could increase if floods as severe

as the 1993 event occur more than once every 100
years (Yin et al. 2009b). Flood severity and duration
can also affect species composition. Model results
indicate that maple and oak species are favored
under floods that are less severe than the 1993 flood,
and ash is favored when floods are more severe (Yin
et al. 2009b). An observational study of the Upper
Mississippi watershed north of the assessment area
suggests that areas that remain flooded for more
than 40 percent of the growing season are severely
limited in species diversity (De Jager et al. 2012).

Other research in the region suggests that changes
in flood regime can affect species composition.

An analysis of the forest community on the Lower
Kaskaskia River, one of the largest contiguous
floodplain forests remaining in the region, indicated
that a hydrologic modification resulting in high
flood frequency and duration would support
floodplain forest assemblages dominated by
boxelder, silver maple, and green ash. Conversely,
lower flood frequency and duration would support
river birch and American elm assemblages (Romano
2006). A recent study in the Ozarks examined the
flood tolerance of six species in a Missouri river
floodplain under three different flood regimes
(Kabrick et al. 2012). Pecan and black walnut were
found to be flood-intolerant. Eastern cottonwood
survival was negatively affected by flooding, but
the growth of surviving individuals appeared to

not be affected. Contrary to the study in the Upper
Mississippi River Basin above, swamp white oak
was found to do well even under the most severe
flooding, suggesting this species has the potential to
do well in the absence of competition from shade-
tolerant species like maple and ash. Pin and bur
oak, however, appear to suffer negative impacts on
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growth when inundated by standing water for longer
periods of time, suggesting an increase in flood
duration could negatively impact these species.

Bottomland forests can withstand periodic flooding
but cannot tolerate being waterlogged throughout the
year. Swamps, by contrast, are flooded year-round
and are populated by species adapted to standing
water throughout the year. These systems, dominated
by species such as baldcypress, reach their northern
extent in the assessment area, and have the potential
to respond favorably to altered conditions as long as
natural hydrologic regimes are kept intact (see

Box 16).

Soil Erosion

Soil erosion is considered one of the major threats
to the Central Hardwoods Region (Chapter 1). Some
research suggests that an increase in heavy rainfall
events that is projected to occur (and is already
occurring) will lead to an even greater increase in
soil erosion (Nearing et al. 2004, 2005). One study
estimates that for every 1-percent increase in rainfall,
erosion could increase by 2 percent (Nearing et al.
2004). No studies to date have examined the effects
of climate change on soil erosion specifically in the
Central Hardwoods Region. One study examined
changes in erosivity across the United States at a
very large spatial resolution and found that erosion
may increase or decrease in the assessment area
depending on climate model (Nearing 2001).

This study looked only at broad-scale changes in
precipitation, and does not account for other factors
that may affect the vulnerability of soil to erosion
such as vegetation cover, slope, or soil type.

Other climate change factors may also affect soil
erosion in the Central Hardwoods Region. As
mentioned in Chapter 4, soil freeze-thaw cycles
may decrease in the area by the end of the century,
which could reduce the susceptibility of soil to
erosion (Sinha and Cherkauer 2010). Vegetation
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Box 16. Baldcypress Swamps

Southwestern Indiana, southern lllinois, and
southeastern Missouri represent the northern
extent of the range of baldcypress swamps in the
Mississippi Alluvial Valley. These unique habitats
are among the world’s most prolific producers of
biomass, and thus serve as an important carbon sink.
They also provide important habitat or food for fish
and wildlife, including bald eagles, wild turkeys, and
wood ducks. Baldcypress swamps also help reduce
the severity and damage of flooding during the
growing season by absorbing water and increasing
infiltration into the soil.

The northern extent of the range for baldcypress in
lowlands is determined primarily by an interaction of
freezing water and recruitment limitations because
of lack of upstream seed dispersal—not because of
tree physiological constraints (B. Middleton, U.S.
Geological Survey, National Wetlands Research
Center, personal comm.). In fact, mature trees that
are planted on upland sites can withstand very cold
temperatures (-29 to -34 °C) (Burns and Honkala
1990).

Baldcypress swamps are of course dependent

on appropriate topographic conditions, but also

on precipitation and periodic flooding, which are
expected to change across the Central Hardwoods
Region based on current model projections.
Regeneration and recruitment of baldcypress

and associated species are determined by

specific periodic flooding regimes (Middleton

2000, Middleton and Wu 2008). A reduction in
precipitation, which is projected to occur later in the
growing season, could result in reduced recruitment
of rare species in this community such as American
featherfoil and increased recruitment of other
species such as buttonbush (Middleton 2006).

The northern extent of baldcypress swamps
may serve as a refuge to more southern species

associated with this community type (Middleton
2006). Dispersal of associated southern species

to the north may be limited, however, as seeds
disperse by water, and the prevailing direction

of the watersheds where they are located is
southward (Middleton and McKee 2004). In addition,
baldcypress swamps have become more fragmented
in the north as they have been drained for
agriculture and as local rivers have been dammed,
making dispersal even more difficult (Middleton and
Wu 2008).

Baldcypress productivity may increase at its northern
extent with increasing temperature due to an
extended growing season (Middleton and McKee
2004). More research is needed to assess whether
genetic variation across its current range may limit
this effect in northern genotypes (Kusumi et al.
2010).

Associated species within baldcypress swamps may
vary in seedling recruitment and seedling biomass

in their response to warming (Middleton and McKee
2011). For example, Virginia threeseed mercury is
currently near its northern range limit, and responds
to increasing temperature through increases in root
biomass (Middleton and McKee 2011). Warmer
future spring temperatures to the north of its current
range could allow this annual species to expand
northward, depending on dispersal constraints
(Middleton and McKee 2011). However, other
species in these systems do not show a strong
response to temperature or have a much greater
northern range extent than baldcypress swamps
themselves.

Overall, baldcypress swamps and their associated
species have the potential to adapt positively to
increases in temperature in lllinois, Indiana, and
Missouri, but only if connectivity and hydrologic
function are restored.
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also protects soil from erosion by reducing rainfall
impacts through the canopy and litter layer, and by
stabilizing soil through roots. Reductions in biomass
and vegetative cover, resulting from a variety of
climate impacts such as drought, insects, diseases, or
catastrophic wildfire, could thus lead to an increase
in erosion susceptibility (Nearing 2001).

Wildfire

Fires, both natural and human-caused, have played
an important role in the forests of the Central
Hardwoods Region for thousands of years (Abrams
1992, Nowacki and Abrams 2008). Regardless of
the cause, the risk and severity of fire depend on the
atmospheric conditions present before, during, and
after the time of ignition (Guyette et al. 2012).

At a global scale, the scientific consensus is
that fire risk may increase by 10 to 30 percent
over the next century because of higher summer

temperatures (IPCC 2007). Studies using climate
models suggest that fire potential could increase
across North America from increases in temperature
and decreases in precipitation in some areas, and

fire seasons in the southeastern United States could
nearly double in length (Liu et al. 2010). In addition,
fire severity in the Southeast could increase by up

to 30 percent, depending on the general circulation
model (GCM) used (Flannigan et al. 2000). An
analysis of fire probability across the globe projected
by 16 downscaled climate models found low
agreement among projections of climate change
effects on fire probability in the central United States
in the near term (2010 to 2039), but the majority of
models projected an increase in wildfire probability
by the end of the century (2070 to 2099) (Moritz

et al. 2012).

How a change in fire risk across the region
translates to effects at local scales in Central

e
s
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Prescribed fire in shortleaf pine woodland. Photo by Steve Shifley, U.S. Forest Service.
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Hardwoods forests depends on land use and
management decisions. Currently, no fine-scale
projections of these interactions are available. The
model projections presented in this chapter using
LANDIS PRO assumed no climate-induced changes
in wildfire or management regime, but future
simulations could explore these interactions.

A study across the entire United States conducted
model simulations of vegetation types under both
suppressed and unsuppressed wildfire by using
two emissions scenarios (A2 and B2) to examine
the relationship among climate change, potential
vegetation cover, and wildfire (Lenihan et al.
2008). When future wildfires were not suppressed,
the Central Hardwoods Region was projected to
convert from a temperate deciduous forest type

to a woodland or savanna type. When fire was
suppressed, on the other hand, the temperate
deciduous forest type was projected to remain
similar in the assessment area while moving
northward across the eastern United States. A
projected shift in potential vegetation type with
unsuppressed fire was driven by climatic conditions
that made the area more susceptible to wildfire,
including increased temperature, drought, and
flammability of coarse and fine fuels (Lenihan et al.
2008). These results underscore the importance of
fire management in determining potential climate
effects on vegetation. However, it is also important
to note that these model simulations were run by
using potential vegetation across the area. They

do not include human-induced alterations to the
landscape such as agriculture and urban areas, nor
do they account for human intervention once a fire
is ignited.

Carbon Dioxide Increases

In addition to effects on climate, carbon dioxide
(CO,) itself can affect plant productivity and
species composition. Elevated CO, may enhance
growth and water use efficiency of some species
(Ainsworth and Rogers 2007, Norby et al. 2005),

potentially offsetting the negative effects of drier
growing seasons. There is already some evidence for
increased forest growth under elevated CO, in the
eastern United States (Cole et al. 2010, McMahon
et al. 2010), but it remains unclear if long-term
enhanced growth can be sustained (Bonan 2008,
Foster et al. 2010). Nutrient and water availability,
ozone pollution, and tree age and size all play major
roles in the ability of trees to capitalize on CO,
fertilization (Ainsworth and Long 2005). Ecosystem
community shifts may take place as some species
are genetically better able to take advantage of CO,
fertilization than others (Souza et al. 2010). Some
models are available that account for changes in
CO,, but these models tend to focus on nutrient
cycling and general vegetation types, and not
specific species (Lenihan et al. 2008, Ollinger

et al. 2008).

Changes in Nutrient Cycling

As air temperatures warm and precipitation patterns
change, changes in the way nutrients are cycled
between plants, soils, and the atmosphere may also
occur. These changes have important implications
for the productivity of trees, which are often limited
by nutrients such as phosphorus and nitrogen (N).
To date, research has not been done to specifically
examine the effects of climate change on nutrient
cycling in the Central Hardwoods Region. Studies
in other areas and at broader scales can give some
insight into potential effects, however.

Decomposition of vegetation is carried out primarily
by enzymes released from bacteria and fungi. These
enzymes are sensitive to changes in temperature, and
there is generally a positive effect of temperature

on the rate of enzymatic activity as long as moisture
is also sufficient (Brzostek et al. 2012, Rustad et

al. 2001). In addition to increases in temperature,
changes in drought, flooding, and the interaction
among these factors can affect nutrient cycling and
the availability of N to trees and other vegetation
(Rennenberg et al. 2009, and references therein).
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Many studies have examined the effects of extended
dry periods followed by moisture pulses on nutrient
cycling (Borken and Matzner 2009, and references
therein). Although these moisture pulses lead to a
flush of mineral N, it is not sufficient to compensate
for the lack of microbial activity during dry periods.
Thus, an increase in wet-dry cycles appears to lead
to a reduction in nutrient availability for trees.

Invasive Plant Species

As described in Chapter 1, nonnative invasive
species are a major threat to forests in the Central
Hardwoods Region. Many invasive species that
currently threaten forests in the Central Hardwoods
Region may benefit from projected climate change
as well. Some species, such as sericea lespedeza
(Gucker 2010), are tolerant of drought and fire

and may be at an even greater advantage in the
future. Although Japanese stiltgrass reproduction

is inhibited during drought years, its large, long-
lived seedbank enables it to recover in wetter years
(Gibson et al. 2002). In addition, deer herbivory

of native vegetation following a drought event

can maintain dominance of stiltgrass (Webster et
al. 2008). Other species, such as garlic mustard,
are not particularly drought-tolerant and may fare
worse if summer drying increases (Byers and Quinn
1998). Currently, however, no modeling efforts have
been undertaken to assess the influence of climate
change on invasive species that have already been
established in the area.

Changes in climate may allow some invasive

plant species to survive farther north than they

had previously (Dukes et al. 2009). Kudzu is an
invasive vine that has devastated forests in the
southeastern United States. Economic damage to
managed forests and agricultural land is estimated
at $100 to $500 million per year (Blaustein 2001).
The current northern distribution of kudzu is limited
by winter temperature. One study found the risk for
kudzu invasion at the end of the century in Missouri,
Illinois, and Indiana could be heightened under
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future projected warming (Bradley et al. 2010).
Another examined the potential future distribution
of kudzu for the year 2035 using trends in observed
climate data and found habitat suitability may
increase slightly in Indiana but may decrease slightly
in western Missouri (Jarnevich and Stohlgren 2009).

Chinese and European privet are invasive flowering
shrubs that crowd out native species and form dense
thickets. Model projections suggest that the risks for
privet invasion into Missouri, Illinois, and Indiana
may be even greater than that of kudzu by the end
of the century (Bradley et al. 2010). Some areas in
the Ozark Highlands and south-central Indiana were
projected to be most susceptible, with a medium-
high risk; that is, the majority of GCMs and impact
models project an increase in suitable habitat.

Insect Pests and Pathogens

Warmer temperatures and stressed trees may
increase the abundance of pests and pathogens

that are currently present in the assessment area.
Many insects and their associated pathogens

are exacerbated by drought including forest tent
caterpillar, hickory bark beetle and its associated
canker pathogen, bacterial leaf scorch, and Diplodia
shoot blight (Babin-Fenske and Anand 2011, Park
et al. 2013, Sinclair and Lyon 2005, U.S. Forest
Service 1985). High spring precipitation has been
associated with severe outbreaks of bur oak blight
in lowa (Harrington et al. 2012). Another important
stressor that could be exacerbated by climate change
is oak decline, which is largely driven by drought
conditions that predispose species to insect pest

and pathogen attack (see Box 15).

Warmer temperatures are also expected to increase
the susceptibility of tree species to pests and diseases
that are not currently a problem in the assessment
area. Projections of gypsy moth population dynamics
under a changing climate suggest substantial
increases in the probability of establishment in the
coming decades (Logan et al. 2003). The spread of
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the gypsy moth could put at risk oak species that
would otherwise do well under a changing climate.
However, wetter springs could curtail its spread to
some extent: a fungal pathogen of the larvae has
been shown to reduce populations in years with wet
springs (Andreadis and Weseloh 1990). In addition,
future northward range expansion attributed to
warming temperatures has been projected for
southern pine beetle (Ungerer et al. 1999), which
could become a problem if shortleaf pine expands
in the region and stand density is not kept in check.

Effects of Vertebrate Species

Herbivory, seed predation, and disturbance by
vertebrates can be important stressors in the Central
Hardwoods Region. Deer browsing, seed predation,
or disturbance by feral hogs may reduce the overall
success of species that are otherwise projected to
do well under future climate change (Ibafiez et al.
2008). Currently, there is little evidence to indicate
how deer, feral hogs, and other vertebrate species
will respond to climate change in the Central
Hardwoods Region. An analysis of climate change
impacts on white-tailed deer in Wisconsin suggests
that deer in that area are expected to experience a
mixture of positive impacts from milder winters
coupled with negative impacts from increased
disease outbreaks (Wisconsin Initiative on Climate
Change Impacts 2011). How these two factors may
influence deer populations in Missouri, Illinois, and
Indiana remains unknown.

CONCLUSIONS

Results from three independent modeling efforts
suggest that habitat suitability for many tree species
may shift across the Central Hardwoods Region,
leading to declines in some species and increases

in others. The Tree Atlas, LANDIS PRO, and
LINKAGES models all project a potential decline
in suitability for sugar maple compared to current
climate conditions. These models also agree that
conditions should become more favorable for
shortleaf pine. Model projections vary for oak and
hickory species and will depend in part on how
precipitation patterns shift in the coming years.
Other factors that are not included in models,

such as changes in invasive species, insects and
diseases, wildfire, and soil conditions, may also
affect species composition and forest productivity.
Increased drought stress could increase susceptibility
to oak decline in red oak group species, and higher
temperatures could facilitate invasion of kudzu,
privet, and southern pine beetle. Climate conditions
are also expected to make conditions more favorable
to wildfire and soil erosion. All of these factors
need to be taken into account when evaluating

the vulnerability of Central Hardwoods forests

to climate change.

117



CHAPTER 6: ECOSYSTEM VULNERABILITIES

Changes in species distribution and abundance due
to climate change can have important implications
for the habitats in which those species live, leading
to shifts in community composition and changes

in ecosystem processes (Climate Change Science
Program [CCSP] 2008, Vose et al. 2012). In
addition, climate change itself can alter system
drivers and exacerbate or ameliorate current
stressors (CCSP 2008, Vose et al. 2012). This
chapter focuses on the collective vulnerability of
natural communities in the Central Hardwoods
Region to climate change, emphasizing shifts in
dominant species, system drivers, and stressors over
the next century. Vulnerability is the susceptibility
of a system to the adverse effects of climate change
(Intergovernmental Panel on Climate Change
[IPCC] 2007). It is a function of potential climate
change impacts and the adaptive capacity of the
system. We consider a system to be vulnerable if it
is at risk for no longer being recognizable as that
community type, or if the system is anticipated to
suffer substantial declines in health or productivity.
The vulnerability of a system to climate change

is independent of the economic or social values
associated with the system, and the ultimate decision
of whether to conserve vulnerable systems or allow
them to shift to an alternate state will depend on
the individual objectives of land management
organizations.

This chapter is organized into two sections. First,
we present an overall synthesis of vulnerability

of the Central Hardwoods Region, organized
according to drivers and stressors, ecosystem
impacts, and factors that influence adaptive capacity.
This synthesis is based on the current scientific
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consensus of published literature (Chapters 4
and 5). In the following section, we present
individual vulnerability determinations for the
nine natural community types considered in this
assessment.

VULNERABILITY OF THE CENTRAL
HARDWOODS REGION

Potential Impacts on Drivers
and Stressors

Many physical and biological factors contribute to
the current state of Central Hardwoods systems.
Some of these factors serve as drivers, defining
variables that make that system what it is. Other
factors can serve as stressors, reducing forest
productivity or increasing mortality. Many factors,
such as flooding or fire, may be drivers in one
situation and stressors in another.

Potential impacts are the direct and indirect
consequences of climate change on systems.
Impacts are a function of exposure of a system to
climate change and its sensitivity to any resulting
changes. Impacts could be beneficial or harmful to
a particular forest or ecosystem type. The summary
below includes the potential impacts of climate
change on major drivers and stressors in the Central
Hardwoods Region over the next century based

on the current scientific consensus of published
literature, which is described in more detail in the
preceding chapters.

After each statement is a confidence statement,
phrased according to the IPCC’s guidance for
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authors (Mastrandrea et al. 2010) (Fig. 39).
Confidence was determined by gauging both the
level of evidence and level of agreement among
information. Evidence was considered robust when
multiple observations or models were available as
well as an established theoretical understanding

to support a statement. Agreement referred

to the agreement among the multiple lines of
evidence. Agreement was rated as high if theories,
observations, and models tended to suggest similar
outcomes. Agreement does not refer to the level of
agreement among the authors of this assessment.

Temperatures will increase (robust evidence,
high agreement). A/l global climate models project
that temperatures will increase due to a rise in
greenhouse gas concentrations both locally and
globally.

A large amount of evidence from across the globe
shows that temperatures have been increasing and
will continue to increase due to human activities
(IPCC 2007) (Chapter 2). Although temperatures in
the Central Hardwoods Region have not changed
much in the past (Chapter 3), all models suggest an
increase in temperatures across all seasons in the
coming century (Chapter 4).

Growing seasons will lengthen (medium evidence,
high agreement). There is a strong agreement
among information that an increase in temperature
will lead to longer growing seasons, but few studies
have specifically examined projected growing season
length in the assessment area.

Evidence at both global and local scales indicates
that growing seasons have been getting longer,

and this trend is expected to become even more
pronounced over the next century (IPCC 2007)

(see Chapters 3 and 4). Longer growing seasons
have the potential to affect the timing and duration
of ecosystem and physiological processes across the
region (Dragoni and Rahman 2012, Dragoni et al.
2011). Earlier springs and longer growing seasons
are expected to translate into shifts in the phenology

Figure 39.—Confidence determination used in the assessment.
Adapted from Mastrandrea et al. (2010).

of plant species that rely on temperature as a cue

for the timing of leaf-out, reproductive maturation,
and other developmental processes (Schwartz et al.
2006a, Walther et al. 2002). Longer growing seasons
could also result in greater growth and productivity
of trees and other vegetation (Dragoni et al. 2011),
but only if sufficient water is available throughout
the growing season.

The nature and timing of precipitation will
change (robust evidence, high agreement). 4
large number of global climate models agree that
precipitation patterns will change at both local and

global scales.

There is large variation in projected changes in
precipitation from global to local scales (IPCC
2007, Karl et al. 2009). Model projections for the
Central Hardwoods Region are in agreement for
an increase in precipitation in winter and spring
(Chapter 4). There is less model agreement later in
the growing season, but evidence seems to indicate
there may be a decrease in precipitation in either
summer or fall, depending on scenario (Chapter 4).
Even if the total annual amount of precipitation does
not change substantially, evidence suggests it may
occur as heavier rain events interspersed among
relatively drier periods (IPCC 2012), a trend that is
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already occurring in the area (Saunders et al. 2012).
In addition, more winter precipitation is expected to
shift from snow or ice to rain as winter temperatures
rise (Brown and Mote 2009, Frei and Gong 2005).

An increase in heavy precipitation events
(medium evidence, medium agreement) will
increase flood risks (limited evidence, medium
agreement) and soil erosion (limited evidence,
medium agreement). There is disagreement
among models about whether the number of heavy
precipitation events will continue to increase in the
assessment area. If the number does increase, it is
expected that flooding and soil erosion will increase
as well, but these effects have not been modeled for
this region.

Heavy precipitation events have already been
increasing in number and severity in the area
(Groisman et al. 2012, Saunders et al. 2012), and
some models suggest an increase over the next
century (IPCC 2007, 2012). The magnitude or
frequency of flooding could potentially increase

in the winter and spring due to increases in total
runoff and peak streamflow during those time
periods (Cherkauer and Sinha 2010). Flood risks
will ultimately depend on local geology and soils as
well as human infrastructure and land use, however.
Increases in runoff following heavy precipitation
events, especially following periods of drought,
could also lead to an increase in soil erosion, which
may be exacerbated by a reduction in vegetation
cover from climate stress and fire (Nearing et al.
2004). However, a reduction in soil freeze-thaw
cycles across the region may help reduce soil erosion
to some extent (Sinha and Cherkauer 2010) because
freezing and thawing can break up soil aggregates,
making soil more susceptible to erosion.

Snow will decrease, with subsequent decreases
in soil frost (high evidence, high agreement).
Evidence suggests that winter temperatures will
increase in the area, even under low emissions,
leading to changes in snow and soil frost.
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The Central Hardwoods Region is already
experiencing a decline in snowfall, depth, and cover
(Chapter 3). Decreased snowfall and increased
snowmelt from higher temperatures are projected to
decrease the amount of snow on the ground in the
region, and may make some locations snow-free in
some years (Sinha and Cherkauer 2010). In recent
years, this reduction in snow cover has led to an
increase in soil frost from decreased snow insulation
(Sinha et al. 2010). However, as temperatures
increase in the coming decades, this pattern is
projected to reverse, and far southern Illinois and
Indiana may no longer experience freezing soil
conditions by the end of the century (Sinha and
Cherkauer 2010). Although these conditions could
increase water infiltration into the soil and reduce
runoff, they could also lead to greater soil water
losses through increased evapotranspiration. This
decrease in snow cover and frozen soil is projected
to be coupled with more heavy precipitation events
during winter, which are expected to occur as rain
instead of snow (Wang and Zhang 2008).

Soil moisture patterns will change (medium
evidence, high agreement), with drier soil
conditions later in the growing season (medium
evidence, low agreement). Some studies show that
climate change will have impacts on soil moisture,
but there is disagreement among impact model
projections on how soil moisture will change during
the growing season.

Due to projected decreases in precipitation during
summer or fall and increases in temperature
throughout the year, some evidence suggests a
slight decrease in surface soil moisture in the
Central Hardwoods Region over the next century
(Mishra et al. 2010). In addition, total soil moisture
is projected to increase during winter and spring
and decrease in the late summer and autumn
(Diffenbaugh and Ashfaq 2010, Mishra et al. 2010).
Even if there are increases in precipitation in the
summer, as a few models suggest, increases in
evapotranspiration are projected to lead to lower
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soil water availability (Mishra et al. 2010, Ollinger
et al. 2008). Even a slight decrease in soil moisture
could lead to dramatic declines in tree species,
especially broadleaf species (Choat et al. 2012).
However, model projections vary, and at least one
study in Illinois suggests that increases in summer
precipitation may be sufficient to offset increases in
evapotranspiration (Winter and Eltahir 2012).

Droughts will increase in duration and area
(medium evidence, low agreement). A4 study using
multiple climate models suggests that drought may
increase in extent and area, but another suggests a
decrease in drought.

The 2012 drought dramatically affected the
assessment area, with many areas reaching
“exceptional” drought status. However, droughts
have generally been decreasing in frequency

across the area, and overall there is relatively

low confidence in the projected future trajectory

of agricultural, meteorological, and hydrologic
droughts across the central United States (IPCC
2012) (see Chapters 3 and 4). The projected changes
in duration of droughts in Illinois and Indiana over
the next century vary among model, scenario, and
time period, with most projecting an increase in
drought duration (Mishra et al. 2010). In addition,
the spatial extent of droughts is projected to increase,
indicating that future droughts may shift from local
to more regional phenomena (Mishra et al. 2010).
Since many species are already functioning at their
hydraulic limits, even a small increase in drought
could lead to widespread decline and mortality
(Choat et al. 2012). However, there is still the
possibility that conditions will become wetter in
the area during summer months, decreasing the
possibility of drought (Winter and Eltahir 2012).
The intensity of precipitation events and associated
infiltration or runoff will strongly affect how
ecosystems experience drought.

Climate conditions will increase fire risks by

the end of the century (medium evidence, high
agreement). National and global studies agree that
wildlfire risk will increase in the area, but few studies
have specifically looked at the Central Hardwoods
Region.

At a global scale, the scientific consensus is that fire
risk will increase by 10 to 30 percent due to higher
summer temperatures and occasional increased
periods of droughts (IPCC 2007). Projections for the
central United States show low agreement among
climate models on changes in fire probability in

the near term, but the majority of models project

an increase in wildfire probability by the end of

the century (Moritz et al. 2012). Fire seasons in

the southeastern United States could nearly double
in length and increase in severity (Flannigan et

al. 2000, Liu et al. 2010). In addition to the direct
effects of temperature and precipitation, increases
in fuel loads from pest-induced mortality could

also increase fire risk, but the precise relationship
between these two factors can be complex (Hicke

et al. 2012). The extensive fragmentation of forests
by roads, agriculture, and other land uses in much
of the Central Hardwoods may limit the scale of
individual fires even as fire risk increases.

Many invasive plants, insect pests, and pathogens
will increase or become more severe (medium
evidence, high agreement). Evidence suggests that
an increase in temperature and greater ecosystem
stress will lead to increases in these threats, but

research to date has examined few species.

A warming climate is allowing some invasive plant
species, insect pests, and pathogens to survive
farther north than they had previously (CCSP 2008,
Dukes et al. 2009). One particular emerging threat to
the region is the southern pine beetle, which attacks
shortleaf and other pines (Ungerer et al. 1999). Oak
decline, a disease complex brought about by drought
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and other stressors, is expected to become a larger
problem in the red oak group as droughts become
longer and more widespread (Haavik et al. 2011).
Some drought- and fire-tolerant invasive plants, such
as sericea lespedeza, may also benefit from projected
climate changes. In addition, a warming climate may
make conditions more favorable for invasive species
that are currently invading from south of the area,
such as kudzu (Bradley et al. 2010).

Potential Impacts on Ecosystems

Shifts in drivers and stressors mentioned above are
expected to lead to shifts in suitable habitat for some
dominant species and changes in composition and
function of the natural communities in the Central
Hardwoods Region.

Suitable habitat for northern species will decline
(medium evidence, high agreement). A/l three
impact models project a decrease in suitability for
northern species such as sugar maple, American
beech, and white ash compared to current climate
conditions.

Across northern latitudes, warmer temperatures will
be more favorable to species that are located at the
northern extent of their range and less favorable to
those in the southern extent (Parmesan and Yohe
2003). Results from climate impact models suggest
a decline in suitable habitat for northern species

such as sugar maple, white ash, and American beech
when compared with habitat suitability under current
climates (Chapter 5). These northern species may

be able to persist in some southern portions of their
range if potential new competitors from farther south
are unable to colonize these areas (Iverson et al.
2008), although they are expected to have reduced
vigor and be under greater stress.

Habitat is projected to become more suitable
for southern species (medium evidence, high
agreement). A/l three forest impact models project
an increase in suitability for southern species such
as shortleaf pine.
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Model results suggest an increase in suitable
habitat for many species at or near the northern
extent of their current range, including shortleaf
pine, post oak, and blackjack oak (Chapter 5). In
addition, habitat may become favorable to species
not currently found in the assessment area, such as
loblolly pine. However, habitat fragmentation and
the limited dispersal ability of seeds are expected
to hinder the northward movement of the more
southerly species despite the increase in habitat
suitability (Ibafiez et al. 2008). Most species can be
expected to migrate more slowly than their habitats
will shift (Davis and Shaw 2001). Indeed, in a
simulation for five species, only a maximum of

15 percent of newly suitable habitat would have
much of a chance of getting colonized over 100
years (Iverson et al. 2004a,b).

Communities will shift across the landscape
(low evidence, high agreement). F'ew models have
examined community shifts specifically, but model
results from individual species and ecological
principles suggest a potential shift in communities.

Decoupling of drivers, stressors, and dominant
species that defined communities is expected

to lead to a rearrangement across the landscape

of suitable conditions for natural communities
within the assessment area. As a result, traditional
community relationships may dissolve, as has
occurred in the past according to paleoecological
evidence (Davis et al. 2005, Root et al. 2003, Webb
and Bartlein 1992). Shifts in overstory structure
may follow more predictable pathways based on
shifts in soil moisture, fire frequency, and flooding.
However, future species composition, especially

in the understory, may not be representative of
what currently composes these systems (Root et

al. 2003). If associated species such as pollinators
and mycorrhizae do not migrate into newly suitable
areas, further constraints could be placed on native
species colonization (Clark 1998). Thus, nonnative
invasive plants may be better able to fill newly
created niches (Hellmann et al. 2008).
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Increased fire frequency and harvesting may
accelerate shifts in forest composition across

the landscape (medium evidence, medium
agreement). Studies from other regions (e.g.,
northern hardwoods and boreal forests) show that
increased fire frequency can accelerate the decline
of species negatively affected by climate warming
and accelerate the northward migration of southern
tree species.

Frequent, low-intensity fires can reduce or inhibit
the seedling establishment of tree species negatively
impacted by climate warming such as sugar maple.
In addition, infrequent, high-intensity fires can
remove mature trees and release growing space for
tree species that may be better adapted to future
conditions. Sites exposed to fire (including low-
intensity prescribed fire) are expected to undergo

an accelerated transition in forest composition
compared to those under fire suppression (He

et al. 2002, Shang et al. 2004). In addition, forest
harvesting in the Central Hardwoods Region is often
targeted at species that are dominant under current
climate conditions. Evidence from other regions
suggests harvesting of declining species may help
promote the growth of other species that are better
adapted to projected changes, thereby accelerating

a shift in forest composition (He et al. 2002).

A major transition in forest composition is not
expected to occur in the coming decades (medium
evidence, medium agreement). A/though some
models indicate major changes in habitat suitability,
results from spatially dynamic forest landscape
models indicate that a major shift in forest
composition across the landscape may take 100
years or more in the absence of major disturbances.

Model results from Tree Atlas and LINKAGES
indicate substantial changes in habitat suitability
or establishment probability for many species on
the landscape, but do not account for migration
constraints or differences among age classes.

Forest landscape models such as LANDIS PRO
can incorporate spatial configurations of current
forest ecosystems, seed dispersal, and potential
interactions between native species and the invasion
and establishment of nonnative plant species (He

et al. 1999, 2005). In addition, forest landscape
models can account for differences among age
classes, and have generally found mature trees to
be more tolerant of warming (He and Mladenoff
1999). Because mature trees are expected to remain
on the landscape, and recruitment of new species

is expected to be limited, it is not expected that
major shifts in species composition will be observed
in the near future, except in areas that undergo
harvests or major stand-replacing disturbance
events (CCSP 2008). Climate change is projected
to increase the intensity, scope, or frequency of
some stand-replacing events such as wildfire and
insect outbreaks, making major shifts in species
composition possible where these events occur
(CCSP 2008).

Little net change in forest productivity is
expected (medium evidence, low agreement). 4
few studies have examined the impact of climate
change on forest productivity, but they disagree on
how multiple factors may interact to influence it.

Increases in drought, invasive plants, insects,
disease, and wildfire are expected to negatively
affect forest productivity in some parts of the region
(Hanson and Weltzin 2000). Lags in migration of
species to newly suitable habitat may also result

in reduced productivity, at least in the short term.
However, some of these declines may be offset by
the positive effects increased carbon dioxide (CO,)
has on photosynthetic rates and water use efficiency,
and by a longer growing season (Drake et al.

1997). Changes in productivity may be mixed and
localized, with warming and CO,-induced increases
in some areas and decreases from pests, diseases,
and other stressors in others (Medlyn et al. 2011).
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Adaptive Capacity Factors

Adaptive capacity is the ability of a species or
ecosystem to accommodate or cope with potential
climate change impacts with minimal disruption.

It is strongly related to the concept of resilience
(CCSP 2009). Summarized below are factors that
could affect the adaptive capacity of systems within
the Central Hardwoods Region, influencing overall
vulnerability to climate change.

Low-diversity systems are at greater risk
(medium evidence. high agreement). Studies in
other areas have consistently shown that diverse
systems are more resilient to disturbance, but studies
examining this relationship have not been conducted
in the assessment area.

Species-rich communities have exhibited greater
resilience to extreme environmental conditions

and greater potential to recover from disturbance
(Tilman 1996, 1999). Conversely, ecosystems

that have low species diversity or low functional
diversity (where multiple species occupy the same
niche) may be less resilient to climate change, its
associated stressors, or both (Peterson et al. 1998;
Walker 1992, 1999). For example, the mountain pine
beetle has devastated the conifer-dominated forests
in the Rocky Mountains; stands with low diversity
of species, age classes, and genotypes have been
more vulnerable to outbreaks than diverse stands
(Raffa et al. 2008). Genetic diversity within species
is also critical for the ability of populations to adapt
to climate change, because species with high genetic
variation tend to have more individuals that can
withstand a wide range of environmental stressors
(Reusch et al. 2005).

Species in fragmented systems will have a
reduced ability to expand into new areas (limited
evidence, high agreement). Evidence suggests that
species may not be able to disperse the distances
required to keep up with climate change, but little
research has been done in the region on this topic.
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Habitat fragmentation can hinder the ability of
species to migrate to more suitable habitat on the
landscape, especially if the surrounding area is
nonforested (Iverson et al. 2004a,b; Noss 2001).
Modeling results in this assessment and elsewhere
indicate that trees would need to migrate at rates of
hundreds of feet to several miles per year to keep
pace with the changes in climate that are projected
to occur over the next century (Iverson and Prasad
2002, Petit et al. 2008). Species in community types
that tend to be more rare and fragmented may be at
a particular disadvantage (CCSP 2009). This rate
of migration may be unattainable through natural
means, even in the absence of fragmentation (Davis
and Shaw 2001, McLachlan et al. 2005). Humans
may be able to assist in the migration of species to
newly suitable areas, but this kind of intervention
remains a contentious issue for many species,
especially those of conservation concern (Pedlar

et al. 2012, Schwartz et al. 2012).

Fire-adapted systems will be more resilient

to climate change (high evidence, medium
agreement). Studies have shown that fire-adapted
systems are better able to recover after disturbances
and can promote many of the species that are
expected to do well under a changing climate.

In general, fire-adapted systems that have a more
open structure and composition are less prone to
high-severity wildfire (Shang et al. 2004). Frequent
low-severity fire has also been shown to promote
many species projected to do well under future
climate projections, such as shortleaf pine and many
oak species (Brose et al. 2012, Dey and Hartman
2005, Stambaugh et al. 2002). Fire-suppressed
systems, on the other hand, tend to have heavy
encroachment of woody species in the understory
that reduce regeneration potential for these fire-
adapted trees (Fralish et al. 1991, Lorimer 1985,
Nowacki and Abrams 2008). In addition, fire-
suppressed systems can be more vulnerable to insect
attack (McCullough et al. 1998). Since the mid-
1900s, lack of fire has led to at least a temporary
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increase in sugar maple in the eastern portion of

the assessment area (Ozier et al. 2006), and this
species is not projected to fare well under projected
climate change (Chapter 5). However, it is important
to note that effects of fire on species regeneration
and disturbances can vary by site, species, and burn
regime (Brose et al. 2012, McCullough et al. 1998).

Systems that are highly limited by hydrologic
regime or geologic features may be
topographically constrained (limited evidence,
medium agreement). Our current understanding of
the ecology of Central Hardwoods systems suggests
that some communities will be too topographically
constrained to migrate to new areas.

Communities that require specific hydrologic
regimes, unique soils or geology, or narrow
elevation ranges may not be able to migrate to new
areas, even if conditions are favorable. For example,
flatwoods ecosystems have soils that are seasonally
saturated in the spring and dry in the summer or

fall. Even though future climate conditions should
favor species adapted to this soil moisture pattern,
these systems are constrained to areas with a low-
permeability soil layer (Taft et al. 1995), making

it doubtful they will spread to new areas. Glade
ecosystems are also strongly tied to specific geologic
features (Kucera and Martin 1957), and thus are

not expected to expand to new areas even though
climate conditions may be favorable. If conditions
worsen for these systems, it is doubtful that alternate
sites will be hospitable for these communities.

ASSESSING VULNERABILITY
OF CENTRAL HARDWOODS
COMMUNITIES

Shifts in drivers, stressors, and dominant tree species
are expected to affect each natural community within
the assessment area in a unique way, and some
communities may have a greater capacity to adapt to
these changes than others. These considerations can
lead to relative differences in vulnerability among
natural communities to projected changes in climate
over the next century. Vulnerability was assessed for

nine community types selected from those described
in Chapter 1 (Table 16). A panel of 20 experts from
across the assessment area evaluated the evidence on
the potential impacts and adaptive capacity of each
community type and assigned a level of confidence
in that evidence by using the same confidence scale
described above. For a description of the methods
used to determine vulnerability, see Appendix 10.

Vulnerability of the nine communities assessed
ranged from low to high (Table 17). In general, there
was more consistency in the experts’ assessment
of potential impacts than in their assessment of
adaptive capacity (see Appendix 10). The ratings
of agreement among information and the amount
of evidence tended to be in the medium range. In
general, ratings were slightly higher for agreement
than for evidence. Evidence appears not to be as
robust as the experts would like, but what evidence
is available leads to a similar conclusion.

As an input to determining vulnerability, projected
changes in distributions (summarized in Chapter 5)
of tree species that are dominant in each community
type were synthesized across models and organized
into four categories (Table 18). “Winners” were
species that were projected to increase under both
climate scenarios and both forest impact models

(if available). “Losers” were species projected to
decrease. Those labeled as “little change” had only
slight projected increases or decreases, or modifying
factors cancelled out any projected changes. Species
labeled as “conflicting evidence” showed some
discrepancy among climate scenarios or impact
models on whether they will increase or decrease. In
cases where there is geographic variation in potential
outcomes, state abbreviations indicate the area that
would be affected.

The specific impacts on drivers, stressors, and
dominant tree species that contribute to the potential
impacts on each community type are summarized
on the following pages. Factors contributing to the
adaptive capacity of each community type are also
summarized.
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Table 16.—Natural communities assessed for vulnerability. For a more complete description of these communities
and their major drivers and stressors, see Chapter 1.

Community Type

Current Major Drivers

Current Major Stressors

Dry-mesic upland forest

dry-mesic moisture regime; low fire frequency

decrease in fire frequency; oak decline; reduction
in shortleaf pine; nonnative species invasion

Mesic upland forest

cooler temperatures; mesic moisture regime;
absence of fire

deer overbrowsing; emerald ash borer; nonnative
species invasion

Mesic bottomland forest

short, infrequent floods; mesic moisture regime

changes to flood regime; nonnative species
invasion; sedimentation from erosion

Wet bottomland forest

prolonged, frequent flooding; wet, poorly
drained soils

changes to flood regime; nonnative species
invasion; sedimentation from erosion; emerald
ash borer

Flatwoods

soils wet in cool season, dry in summer;
claypan or fragipan layer; frequent, low-
moderate intensity fires

woody plant invasion; overgrazing; conversion to
nonnative cool-season grasses and fescue

Closed woodland

well-drained soils; steeper slopes than open
woodland; frequent, low-intensity fires

fire exclusion; woody species encroachment
in understory; oak decline; nonnative species
invasion

Open woodland

well-drained soils; frequent, low-intensity fires

fire exclusion; woody species encroachment
in understory; oak decline; nonnative species
invasion; overgrazing

Barrens and savanna

frequent low-intensity fires; shallow,
excessively well drained soils (barrens); deeper,
more nutrient-rich soils (savannas)

fire exclusion; nonnative species invasion;
overgrazing; conversion to fescue; fragmentation

Glade

shallow soils with exposed bedrock; frequent,
low-intensity fires

soil erosion; feral hogs; overgrazing; fire exclusion;
eastern redcedar invasion

Table 17.—Vulnerability determinations by natural community type. See Appendix 10 for a description of the relative

ratings.

Community Type Potential Impacts  Adaptive Capacity Vulnerability Evidence Agreement
Dry-mesic upland forest Moderate High Low-Moderate Medium Medium-High
Mesic upland forest Negative Low High Medium Medium-High
Mesic bottomland forest Moderate Moderate Moderate Limited -Medium Medium
Wet bottomland forest Moderate-Negative Moderate Moderate-High Limited-Medium Medium
Flatwoods Moderate- Positive Moderate Low-Moderate Limited-Medium Medium
Closed woodland Positive High Low Limited Medium
Open woodland Positive High Low Limited-Medium Medium
Barrens and savanna Positive Moderate Low Medium Medium-High
Glade Moderate- Positive Moderate Low-Moderate Medium Medium-High
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Table 18.—Projected changes in dominant species by end of century for each community type. Projections are based
on a synthesis of Tree Atlas, LINKAGES, and LANDIS PRO results under both high and low emissions scenarios, taking
modifying factors into account. Note that these projections are for the entire assessment area, and species impacts

will vary geographically due to site-specific conditions. Climate scenario disagreement indicates that the climate
scenarios disagreed strongly on the direction of change for that species; refer to Chapter 5 and Appendix 9 for more

details.

Community Type

Winners

Little Change

Losers

Climate Scenario Disagreement

Dry-mesic upland forest

shortleaf pine,
yellow-poplar (MO),
red maple (MO)

white, black (IN)
oak; pignut (IL, IN),
bitternut, mockernut
hickory; red maple
(IL, IN)

scarlet oak (MO),
shagbark and
pignut (MO) hickory,
sugar maple

black (IL, MO), northern red,
and scarlet (IL, IN) oak;
yellow-poplar (IL, IN)

Mesic upland forest

yellow-poplar (MO),
red maple (MO)

white oak,
bitternut hickory,
red maple (IL, IN),

sugar maple,
American beech,
American basswood

northern red oak,
yellow-poplar (IL, IN),
American basswood (MO, IL)

black cherry (MO) (IN), white ash,
black cherry (IL, IN)
Mesic bottomland forest bur oak (IL, IN), bur oak (MO); sugar maple,

sweetgum,
eastern cottonwood

white, bitternut
hickory; sycamore,
hackberry, American
and slippery elm

American beech,
black walnut

Wet bottomland forest

overcup, willow,

pin (MO, IN) oak;
boxelder; silver,

red (MO) maple;
eastern cottonwood

pin oak (IL),
shellbark hickory
(IL, IN),

red maple (IL,IN),
black willow (IL, IN)

shellbark hickory
(MO), green ash*

black willow (MO)

Flatwoods

shortleaf pine;
blackjack, post,
pin (MO,IN) oak;
blackgum

pin oak (IL),
mockernut hickory

shagbark hickory

Closed woodland

shortleaf pine

white and
black (IN) oak,
mockernut hickory

scarlet oak (MO),
shagbark hickory

black (IL, MO)
and scarlet (IL,IN) oak

Open woodland

shortleaf pine;
blackjack, post oak;
black hickory (IL, IN);
eastern redcedart

white and black (IN)
oak, mockernut and
black (MO) hickory

scarlet oak (MO),
shagbark hickory

black (IL, MO), scarlet (IL,IN),
and chinquapin oak

Barrens and savanna

shortleaf pine;
blackjack, post,

bur (IL, IN) oak;
black hickory (IL, IN),
eastern redcedart

white, black (IN),
bur (MO), and
chestnut oak;
black hickory (MO)

shagbark hickory

black (IL, MO)
and chinquapin oak

Glade

post oak,
eastern redcedart

* Green ash is projected to remain stable due to climate alone, but the threat of emerald ash borer makes this species vulnerable.
+ Eastern redcedar is projected to remain stable due to climate alone, but other factors will allow it to expand to new areas.
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Dry-Mesic Upland Forest

Low-Moderate Vulnerability (medium evidence, medium-high agreement)

Increases in temperature, coupled with potential decreases in soil moisture and increases in wildfire,
could be favorable for some species and detrimental to others. However, a wide distribution and high
species diversity may enhance the adaptive capacity of dry-mesic systems and allow them to persist on

the landscape.

Moderate Potential Impacts

Drivers—There is currently little evidence
regarding the potential effects of climate change

on several important factors for this type, including
the potential severity of fire and frequency of
intermittent droughts during the growing season.
An increase in fire frequency is expected to have
positive effects on overstory tree species, but may
have negative impacts on the understory. If fires
become too severe or frequent, this type could shift
toward a woodland or savanna. If soil moisture
decreases in the summer, it could have a negative
impact on the system.

Dominant Species—The forest impact models tend
to agree about how certain species are projected to
decline or increase. Climate change is not projected
to have a large influence on many of the dominant
tree species in this community type (Table 18).
Habitat suitability for shortleaf pine is projected to
increase, while habitat suitability for sugar maple

is projected to decline. Although white oak is
projected to decline slightly based on temperature
and precipitation alone, its tolerance to drought and
fire should allow it to persist. Changes in the red oak
group (northern red, scarlet, and black oak) tend to
vary with climate scenario and are expected to be
driven by the extent to which oak decline affects the
area in the future (see stressors).

Stressors—A major current stressor has been a

decrease in fire frequency, leading to an increase in
sugar maple in the eastern part of the assessment
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area and a decrease in shortleaf pine in Missouri.

If conditions improve for fire, and soil moisture
decreases, these factors could lead to a reduction

in this current stressor. Oak decline is expected

to remain a threat to the red oak group, and may
become a larger threat to trees that become stressed
by increased drought frequency. Many nonnative
invasive plant species are expected to continue to
be a problem. However, one of the many invasive
plants, garlic mustard, is relatively drought-
intolerant and could decrease if conditions become
significantly drier during the growing season.
Southern pine beetle could become a new threat to
the area as the area warms, especially if the shortleaf
pine component increases.

High Adaptive Capacity

This community type is widely distributed on a
variety of soils and topographies, making it probable
that at least some of these areas will remain suitable
in the future. This type also tends to have high tree
species diversity relative to other community types
in the assessment area, allowing for some species
to increase in abundance as others decrease. This
community type tends to develop on more well-
drained soils in the east than in the west. Therefore,
eastern communities may be less buffered against
drought conditions than western communities, but
more evidence is needed to support this claim. Any
declines in this community type on drier sites may
be offset by transition from more mesic forests to
this type.
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Dry-mesic upland forest. Photo by Paul Nelson, Mark Twain
National Forest.

Missouri Ozark forests in autumn. Photo by Steve Shifley, U.S.
Forest Service.

129



CHAPTER 6: ECOSYSTEM VULNERABILITIES

Mesic Upland Forest

High Vulnerability (medium evidence, medium-high agreement)

Changes in climate are expected to reduce habitat suitability for mesic upland forests and the species that
currently dominate them in the Central Hardwoods Region. Increases in fire and drought are key factors
that may reduce the adaptive capacity of this system, making it expected that this community type will be
one of the most negatively affected by projected climate changes.

Negative Potential Impacts

Drivers—This community type is adapted to

cooler, wetter conditions that are typical of north-
facing slopes and ravines. A projected increase in
temperature and decrease in precipitation during the
growing season is expected to have negative impacts
on the community. The increased risk of wildfire
projected by the end of the century could have
negative impacts on this fire-intolerant community.

Dominant Species—Few of the current dominant
species are projected to increase under any of the
model projections (Table 18). Many of the species
in this system are at the southern extent of their
range, which makes this community type, and the
species within it, susceptible to extensive changes
in the area under warmer conditions. In particular,
sugar maple, the most dominant species in this
type, is projected to decline significantly under both
scenarios. Bitternut hickory, red maple, and white
oak are among the few species for which conditions
may continue to be favorable in some areas. There is
also disagreement between the two climate models
about whether northern red oak, yellow-poplar, and
American basswood would increase or decline.
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Stressors—Current stressors such as overbrowsing
by deer in some areas and nonnative species
invasion such as emerald ash borer, are expected

to continue to be problems. Some invasive plant
species, such as bush honeysuckle and kudzu, may
benefit from the extended growing season length and
warmer winters. It is hypothesized that nonnative
plant species such as these will fill in the gaps
created as dominant species decline.

Low Adaptive Capacity

Several factors reduce the adaptive capacity of this
system. Mesic uplands are generally intolerant of
fire and drought, which are expected to increase

in the area. Because this type currently occupies

the coolest, wettest (but not flooded) sites, newly
suitable sites are not expected to arise within the
assessment area. However, this community type
may continue to persist in some places, especially

at the eastern end of the assessment area. Areas
slightly downslope from current areas (but above
the floodplain) and north-facing coves may act as
refugia throughout the landscape. In addition, a high
soil water-holding capacity in many locations might
buffer this community from drought and wildfire and
allow it to persist on the landscape.
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Mesic upland forest. Photo by Paul Nelson, Mark Twain National
Forest.

Mesic upland forest. Photo by Paul Nelson, Mark Twain National TRk %
Forest. :

Mesic upland forest. Photo by Paul Nelson, Mark Twain National
Forest.
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Mesic Bottomland Forest

Moderate Vulnerability (limited-medium evidence, medium-high agreement)

Changes in climate are projected to be favorable or neutral to many of the dominant species in mesic
bottomland forests, but an increase in flooding could have negative impacts. However, the connectivity of
this type along rivers may allow the species in this system to migrate to newly suitable areas.

Moderate Potential Impacts

Drivers—This system is characterized by short,
infrequent floods. A projected increase in heavy
precipitation in the winter and spring could
potentially increase the duration and frequency
of flooding, having a negative impact on this
community.

Dominant Species—The models used in this
assessment are not equipped to capture the complex
hydrologic processes that occur in these systems, so
actual habitat suitability might differ from what is
projected. With that caveat in mind, the models tend
to agree about the general trajectory of the dominant
species in these systems. Climate conditions are
projected to be more favorable for sweetgum and
eastern cottonwood, and remain relatively stable

for species such as bitternut hickory, sycamore, and
white oak (Table 18). Several species are projected
to decline in abundance, such as American beech and
black walnut. Boxelder is not currently a dominant
species in this community type, but may increase

in abundance because of its positive relationship to
projected climate conditions.
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Stressors—Alteration to the landscape by human
activity has led to changes in flood regimes for
this community type, which may be exacerbated
by changes in precipitation or increased human
demands on watersheds during drought periods. In
addition, heavy precipitation events could intensify
soil erosion in these areas. Scouring floods could
also increase the spread of many of the invasive
plants that threaten these areas.

Moderate Adaptive Capacity

Bottomland systems are not as well understood

as upland systems, and are largely unmanaged.
However, seeds from species like sycamore, elm,
sweetgum, cottonwood, and hackberry can readily
disperse downstream to newly suitable locations.
This type’s association with floodplains along
riverways increases its connectivity, facilitating
migration. A number of species, such as bur oak and
cottonwood, tolerate a wide range of conditions,
including drought. This system is largely constrained
by topography, and there may be an even smaller
range of suitable sites under future conditions. This
community type could be at risk for both droughts
and floods, and species in this type have the
opportunity to migrate farther downslope or
upslope to escape drought or flood risks.
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Mesic bottomland forest. Photo by Paul Nelson, Mark Twain Riparian forest along the Cache River, lllinois. Photo by Susan
National Forest. Crocker, U.S. Forest Service.
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Wet mesic bottomland. Photo by Paul Nelson, Mark Twain National Forest.
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Wet Bottomland Forest

Moderate-High Vulnerability (limited-medium evidence, medium agreement)

The future of wet bottomland forests largely depends on how flood dynamics will change, which remains
largely unknown. Any change in flood dynamics is expected to have a negative impact. This system
already occupies the lowest-lying areas on the landscape, so it has a limited capacity to occupy new areas

if conditions change.

Moderate-Negative Potential Impacts

Drivers—This community type is characterized by
prolonged, frequent flooding and wet, poorly drained
soils. Although flooding is expected to increase
during some parts of the year, this community type
may also become drier in the summer or fall.

Dominant species—Many of the species that
dominate this type, such as willow oak, overcup
oak, and shellbark hickory, are relatively rare

across the landscape as a whole, reducing overall
model reliability. Although green ash is projected

to remain stable due to climate projections alone,
emerald ash borer will almost certainly lead to
reductions in this species. Other species may be able
to persist, including boxelder, red maple, and eastern
cottonwood. There are many unknowns regarding
shifts in flood regime and their potential impacts on
the dominant species in this community type.
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Stressors—Stressors for this type are similar to
mesic bottomland communities, including alteration
of flood regime and erosion leading to sediment
buildup. If conditions become drier, this system may
be threatened by encroachment of mesic bottomland
species. If conditions lead to semi-permanent
flooding in some areas, this type could convert to a
more swamp-like system.

Moderate Adaptive Capacity

Although this community type is highly tolerant of
flooding and species have high dispersal ability, it
has several factors that reduce its adaptive capacity.
Low species diversity reduces its potential to persist
as a community. This community type is highly
constrained by topography, and cannot migrate

any farther downslope to avoid dry conditions if
they occur. However, an increase in flooding could
potentially create opportunities for restoration of this
community type in some bottomland areas if other
land uses, such as farmland, are abandoned.
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Wet bottomland forest. Photo by Paul Nelson, Mark Twain National Forest.

Wet bottomland understory. Photo by Paul
Nelson. Mark Twain National Forest.
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Wet bottomland forest. Photo by Paul Nelson, Mark Twain National Forest.
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Flatwoods

Low-Moderate Vulnerability (limited-medium evidence, medium agreement)

Climate change projections suggest that many of the conditions that are favorable to flatwoods
communities and their dominant species will be intensified, such as spring flooding, late season drying,
and frequent fire. However, this system'’s geological limitations and low overstory diversity limit its

adaptive capacity.

Moderate-Positive Potential Impacts

Drivers—This system is characterized by soils
that are saturated during the cool season and dry
during the summer. This soil moisture pattern is
expected to be intensified in the future as winter
and spring precipitation increases and summer
or fall precipitation decreases. This change could
have positive or negative impacts on the system
depending on the relative magnitude of these
changes. In addition, this system is adapted to
frequent low- to moderate-intensity fire. The
projected increase in fire frequency could have
a positive impact on this system as long as fire
severity is not too high.

Dominant species—The model projections
presented for the species that dominate this system
are for the entire assessment area, and may not
reflect the trajectories of the individuals in this
uncommon community type. With that caveat in
mind, the projected trajectories are similar across the
range of climate models presented. Most dominant
species in this community type are projected to
increase or remain relatively stable under both
climate scenarios. The only dominant species not
projected to do well under future change is shagbark
hickory. Although blackgum is projected to do well
overall, it may be negatively impacted if droughts
become too severe.
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Stressors—Current stressors to this system include
invasion of the understory by woody plants, reed
canarygrass, and fescue. In the short term, increases
in CO, could make conditions more favorable

for cool-season grasses like reed canarygrass and
fescue. However, increases in temperature coupled
with decreases in water availability during summer
could have negative impacts on these species toward
the end of the century (Yu et al. 2012). Woody

plant encroachment is largely the result of fire
suppression. As conditions become more favorable
for fire by the end of the century, a reduction in
woody plant encroachment could occur, depending
on management actions and the fragmented nature of
the landscape.

Moderate Adaptive Capacity

This community type is unique in its ability to
handle a wide range of disturbances, including
drought, flooding, and fire. However, it is strongly
tied to geologic and soil conditions and therefore
is not usually able to expand to new areas. This
community type has low overstory species
diversity, which could result in canopy loss if one
or two species disappear or decline severely. This
community type is also rare across the landscape,
reducing the probability that it will be able to persist
in some locations.
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Flatwoods. Photo by Paul Nelson, Mark Twain National Forest. Saunders Woods, Indiana. Photo used with permission of John
Shuey, The Nature Conservancy, Indiana.
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Upland flatwoods. Photo by Paul Nelson, Mark Twain National Forest.
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Closed Woodland

Low Vulnerability (limited evidence, medium agreement)

The vulnerability of closed woodlands largely depends on how both natural and human-caused fire
dynamics may change over the next century. However, most of the overstory species are expected to
persist under projected climate change over a range of fire conditions. In addition, the wide distribution
and high tolerance to disturbance of this system should be beneficial.

Positive Potential Impacts

Drivers—This community type is characterized by
frequent, low-intensity fires, which are expected

to become more common as conditions become
warmer and drier. However, if fire severity increases
too greatly, fire could have a negative impact. This
type is common on excessively well-drained soils
with steeper slopes than open woodlands. Because
this type is adapted to low soil moisture conditions,
decreases in soil moisture during the growing season
should not have a strong negative impact.

Dominant Species—The modeled trajectory of the
species that dominate these systems is mixed, but
the model projections tend to agree with one another.
Species in this system should do well in general.
Only one of the dominant species in this community
type, shagbark hickory, is projected to decline (Table
18). Shortleaf pine is projected to increase, while
white oak and mockernut hickory are projected

to remain relatively stable. Changes in black

and scarlet oak may depend on whether summer
precipitation increases or decreases. In addition, this
system is also defined by its herbaceous layer, and
no information is available on how these species
may respond to future climatic conditions.

Stressors—Past fire exclusion has led to an
increase in woody species in the understory. This
change in composition has suppressed regeneration
of overstory species in the eastern part of this
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community type’s range, and suppressed herbaceous
species establishment in the western part. An
increase in fire frequency could help reduce this
stressor. Oak decline is expected to remain a threat
to black and scarlet oak, and may become a larger
threat to trees that become stressed by an increased
duration and extent of drought conditions, which
appear to be more likely under the GFDL A1FI
scenario. Nonnative invasive plants are expected to
continue to be a problem in the future, but increased
drought could decrease garlic mustard invasion.
Southern pine beetle could become a new threat to
the area in communities dominated by shortleaf pine.

High Adaptive Capacity

This community type is widely distributed across the
western half of the assessment area and is tolerant
of fire and drought. This type has the potential

to expand if sites currently characterized as dry-
mesic communities become drier and subject to
more frequent fire. The extent to which fire is a
component of the system may ultimately determine
the success of this community type. If the system
experiences frequent fire, this system could benefit
or undergo transition to an open woodland. If fire
is suppressed, it could shift to a dry-mesic forest.
The long-term fate of this system may also vary
dramatically from east to west, especially if black
and scarlet oak decline in the west because of
increased drought.
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Closed woodland. Photo by Paul Nelson, Mark Twain National Shortleaf pine woodland. Photo used with permission of L-A-D
Forest. Foundation.
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Open Woodland

Low Vulnerability (limited-medium evidence, medium agreement)

Future conditions should be favorable for open woodlands and many of the species that dominate them,
but some current and potential stressors could be exacerbated by future climate conditions. In general,
this community type is expected to persist due to its drought tolerance and wide distribution.

Positive Potential Impacts

Drivers— This system is similar to closed woodland
systems but receives more frequent fire and tends to
be on flatter ridge-tops. Dry soils during the summer
coupled with conditions suitable for fire should be
beneficial for this type unless conditions become so
severe that dominant species can no longer tolerate
them. Early-season increases in precipitation that
result in vegetation growth, followed by summer
drought, may increase fire probability.

Dominant Species— Many tree species in this
community type are projected to do better under
future climate conditions, such as shortleaf pine,
blackjack and post oak, and black hickory (Table
18). Changes in black, chinquapin, and scarlet

oak may depend on whether summer precipitation
increases or decreases. Eastern redcedar, which
outcompetes herbaceous vegetation, is projected to
remain relatively stable under future climate changes
and could expand for other reasons. This outcome
could have a negative impact on the community.
Importantly, this community type is largely defined
by its species in the herbaceous layer, and no
information is available on how these species may
respond to future climatic conditions.

Stressors— An increase in fire frequency could
help reduce the stress of woody species invasion,
but eastern redcedar could continue to be a problem
in this type. Nonnative invasive plants are expected
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to continue to be a problem in the future. Sericea
lespedeza invasion is a particular problem in this
community type and responds positively to both
drought and fire, making it potentially an even
greater problem in the future. Increased sericea
lespideza abundance could reduce regeneration of
tree species and change community structure. Other
herbaceous invasive species are less tolerant of fire
and may be reduced if fire frequency, severity, or
both increase. Southern pine beetle could become a
new threat to the area if shortleaf pine increases.

High Adaptive Capacity

This community type is widely distributed across

the western half of the assessment area and is fire-
and drought-tolerant. Across the assessment area,

the open woodland community type will probably
not decrease substantially and may even increase.

In general, this type may be most successful in the
western part of the assessment area, where soils

tend to be drier. Decreases in this community type

in areas that become too dry or fire-prone could be
offset by transition from closed woodlands to this
type. In these new areas, overstory woody species
may do better than understory herbaceous species
because many of the endemic herbaceous species are
not present in the seedbank and have a limited ability
to disperse. As with closed woodland systems, the
success of this type depends largely on fire regime
and long-term soil moisture.
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Open woodland. Photo by Paul Nelson, Mark Twain National
Forest.

Open woodland. Photo by Mike Leahy, Missouri Department of
Conservation.

Open woodland. Photo by Paul Nelson, Mark Twain National
Forest.
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Barrens and Savanna

Low Vulnerability (medium evidence, medium-high agreement)

Conditions should generally be favorable to the species that dominate barrens and savannas, which are
generally adapted to fire and drought. However, a high level of fragmentation and a fragile understory
community could reduce the ability of this community type to take advantage of these favorable

conditions.

Positive Pot