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ABSTRACT

This report provides an assessment of the effects of climate change on U.S. agriculture, land
resources, water resources, and biodiversity. It is one of a series of 2] Synthesis and Assess-
ment Products (SAP) that are being produced under the auspices of the U.S. Climate Change
Science Program (CCSP).

This SAP builds on an extensive scientific literature and series of recent assessments of the
historical and potential impacts of climate change and climate variability on managed and
unmanaged ecosystems and their constituent biota and processes. It discusses the nation’s
ability to identify, observe, and monitor the stresses that influence agriculture, land resources,
water resources, and biodiversity, and evaluates the relative importance of these stresses and
how they are likely to change in the future. It identifies changes in resource conditions that are
now being observed, and examines whether these changes can be attributed in whole or part
to climate change. The general time horizon for this report is from the recent past through
the period 2030-2050, although longer-term results out to 2100 are also considered.

There is robust scientific consensus that human-induced climate change is occurring. Records
of temperature and precipitation in the United States show trends consistent with the current
state of global-scale understanding and observations of change. Observations also show
that climate change is currently impacting the nation’s ecosystems and services in significant
ways, and those alterations are very likely to accelerate in the future, in some cases dramati-
cally. Current observational capabilities are considered inadequate to fully understand and
address the future scope and rate of change in all ecological sectors. Additionally, the complex
interactions between change agents such as climate, land use alteration, and species invasion
create dynamics that confound simple causal relationships and will severely complicate the
development and assessment of mitigation and adaptation strategies.

[ven under the most optimistic CO, emission scenarios, important changes in sea level,
regional and super-regional temperatures, and precipitation patterns will have profound
effects. Management of water resources will become more challenging. Increased incidence of
disturbances such as forest fires, insect outbreaks, severe storms, and drought will command
public attention and place increasing demands on management resources. Ecosystems
are likely to be pushed increasingly into alternate states with the possible breakdown of
traditional species relationships, such as pollinator/plant and predator/prey interactions, adding
additional stresses and potential for system failures. Some agricultural and forest systems may
experience near-term productivity increases, but over the long term, many such systems are
likely to experience overall decreases in productivity that could result in economic losses,
diminished ecosystem services, and the need for new, and in many cases significant, changes
to management regimes.
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The Effects of Climate Change on Agriculture, Land Resources,Water Resources, and Biodiversity

Lead Authors: Peter Backlund, NCAR; Anthony Janetos, PNNL/Univ.
Maryland; David Schimel, National Ecological Observatory Network
Contributing Authors: |. Hatfield, USDA ARS; M. Ryan, USDA Forest
Service; S. Archer, Univ. Arizona; D. Lettenmaier, Univ.VWashington

INTRODUCTION AND BACKGROUND

This report is an assessment of the effects of climate change on U.S. land
resources, water resources, agriculture, and biodiversity. It is one of a
series of 21 Synthesis and Assessment Products being produced under
the auspices of the U.S. Climate Change Science Program (CCSP), which
coordinates the climate change research activities of U.S. government
agencies. The lead sponsor of this particular assessment product is the
U.S. Department of Agriculture (USDA). The project was led and coor-
dinated by the National Center for Atmospheric Research (NCAR).

This assessment is based on extensive review of the relevant scientific literature and measurements and data
collected and published by U.S. government agencies. The team of authors includes experts in the fields of
agriculture, biodiversity, and land and water resources — scientists and researchers from universities, national
laboratories, non-government organizations, and government agencies. To generate this assessment of the
effects of climate and climate change, the authors conducted an exhaustive review, analysis, and synthesis
of the scientific literature, considering more than 1,000 separate publications.

Scope
The CCSP agencies agreed on the following set of topics for this assessment. Descriptions of the major find-
ings in each of these sectors can be found in Section 4 of this Executive Summary.

* Agriculture: (a) cropping systems, (b) pasture and grazing lands, and (c) animal management
* Land Resources: (a) forests and (b) arid lands

« Water Resources: (a) quantity, availability, and accessibility and (b) quality

» Biodiversity: (a) species diversity and (b) rare and sensitive ecosystems

The CCSP also agreed on a set of questions to guide the assessment process. Answers to these questions can
be found in Section 3 of this summary:

* What factors influencing agriculture, land resources, water resources, and biodiversity in the United States
are sensitive to climate and climate change?

* How could changes in climate exacerbate or ameliorate stresses on agriculture, land resources, water
resources, and biodiversity? What are the indicators of these stresses?

*  What current and potential observation systems could be used to monitor these indicators?

» Can observation systems detect changes in agriculture, land resources, water resources, and biodiversity
that are caused by climate change, as opposed to being driven by other causes?

Our charge from the CCSP was to address the specific topics and questions from the prospectus. This had
several important consequences for this report. We were asked not to make recommendations and we have
adhered to this request. Our document is not a plan for scientific or agency action, but rather an assessment
and analysis of current scientific understanding of the topics defined by the CCSP. In addition, we were
asked not to define and examine options for adapting to climate change impacts. This topic is addressed in a
separate CCSP Synthesis and Assessment Product. Our authors view adaptation as a very important issue and
recognize that adaptation options will certainly affect the ultimate severity of many climate change impacts.
Our findings and conclusions are relevant to informed assessment of adaptation options, but we have not
attempted that task in this report.
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... our main focus is
on the recent past
and the nearer-term
future — the next

25 to 50 years. This
period is within the
planning horizon

of many natural
resources managers.
Furthermore, the
climate change that
will occur during this
period is relatively
well understood.

Time Horizon

Many studies of climate change have focused
on the next 100 years. Model projections out
to 2100 have become the de facto standard,
as in the assessment reports produced by the
Intergovernmental Panel on Climate Change
(IPCC). This report has benefited greatly from
such literature, but our main focus is on the
recent past and the nearer-term future — the
next 25 to 50 years. This period is within the
planning horizon of many natural resources
managers. Furthermore, the climate change that
will occur during this period is relatively well
understood. Much of this change will be caused
by greenhouse gas emissions that have already
happened. It is thus partially independent of
current or planned emissions control measures
and the large scenario uncertainty that affects
longer-term projections. We report some results
out to 100 years to frame our assessment, but
we emphasize the coming decades.

Ascribing Confidence to Findings

The authors have endeavored to use consistent
terms, agreed to by the CCSP agencies, to
describe their confidence in the findings and
conclusions in this report, particularly when
these involve projections of future conditions
and accumulation of information from multiple
sources. The use of these terms represents the
judgment of the authors of this document;
much of the underlying literature does not use
such a lexicon and we have not retroactively
applied this terminology to previous studies
by other authors.

Climate Context

There is a robust scientific consensus that
human-induced climate change is occurring.
The Fourth Assessment Report (AR4) of the
IPCC, the most comprehensive and up-to-date
scientific assessment of this issue, states with
“very high confidence” that human activities,
such as fossil fuel burning and deforestation,
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have altered the global climate. During the 20th
century, the global average surface temperature
increased by about 0.6°C and global sea level
increased by about 15 to 20 cm. Global precipi-
tation over land increased about two percent dur-
ing this same period. Looking ahead, human in-
fluences will continue to change Earth’s climate
throughout the 21st century. The IPCC AR4
projects that the global average temperature will
rise another 1.1 to 5.4°C by 2100, depending
on how much the atmospheric concentrations
of greenhouse gases increase during this time.
This temperature rise will result in continued in-
creases in sea level and overall rainfall, changes
in rainfall patterns and timing, and decline in
snow cover, land ice, and sea ice extent. It is
very likely that the Earth will experience a faster
rate of climate change in the 21st century than
seen in the last 10,000 years.

The United States warmed and became wetter
overall during the 20th century, with changes
varying by region. Parts of the South have cooled,
while northern regions have warmed — Alaskan
temperatures have increased by 2 to 4°C (more
than four times the global average). Much of the
eastern and southern United States now receive
more precipitation than 100 years ago, while
other areas, especially in the Southwest, receive
less. The frequency and duration of heat waves
has increased, there have been large declines
in summer sea ice in the Arctic, and there is
some evidence of increased frequency of heavy
rainfalls. Observational and modeling results
documented in the IPCC AR4 indicate that these
trends are very likely to continue. Temperatures
in the United States are very likely to increase
by another 1°C to more than 4°C. The West and
Southwest are likely to become drier, while the
eastern United States is likely to experience
increased rainfall. Heat waves are very likely to
be hotter, longer, and more frequent, and heavy
rainfall is likely to become more frequent.

Very
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2 OVERARCHING
CONCLUSIONS

Climate changes — temperature increases,
increasing CO, levels, and altered patterns
of precipitation — are already affecting U.S.
water resources, agriculture, land resources,
and biodiversity (very likely). The literature
reviewed for this assessment documents many
examples of changes in these resources that are
the direct result of variability and changes in
the climate system, even after accounting for
other factors. The number and frequency of
forest fires and insect outbreaks are increasing
in the interior West, the Southwest, and Alaska.
Precipitation, streamflow, and stream tempera-
tures are increasing in most of the continental
United States. The western United States is ex-
periencing reduced snowpack and earlier peaks
in spring runoff. The growth of many crops and
weeds is being stimulated. Migration of plant
and animal species is changing the composition
and structure of arid, polar, aquatic, coastal, and
other ecosystems.

Climate change will continue to have sig-
nificant effects on these resources over the
next few decades and beyond (very likely).
Warming is very likely to continue in the United
States during the next 25 to 50 years, regardless
of reductions in greenhouse gas emissions, due
to emissions that have already occurred. U.S.
ecosystems and natural resources are already be-
ing affected by climate system changes and vari-
ability. It is very likely that the magnitude and
frequency of ecosystem changes will continue to
increase during this period, and it is possible that
they will accelerate. As temperature rises, crops
will increasingly experience temperatures above
the optimum for their reproductive development,
and animal production of meat or dairy products
will be impacted by temperature extremes. Man-
agement of Western reservoir systems is very
likely to become more challenging as runoff
patterns continue to change. Arid areas are very
likely to experience increases erosion and fire
risk. In arid ecosystems that have not coevolved
with a fire cycle, the probability of loss of iconic,
charismatic megaflora such as Saguaro cacti and
Joshua trees will greatly increase.

Many other stresses and disturbances are
also affecting these resources (very likely).
For many of the changes documented in this as-
sessment, there are multiple environmental driv-
ers — land use change, nitrogen cycle changes,
point and nonpoint source pollution, wildfires,
invasive species — that are also changing. At-
mospheric deposition of biologically available
nitrogen compounds continues to be an impor-
tant issue, along with persistent ozone pollution
in many parts of the country. It is very likely
that these additional atmospheric effects cause
biological and ecological changes that interact
with changes in the physical climate system. In
addition, land cover and land use patterns are
changing, e.g., the increasing fragmentation of
U.S. forests as exurban development spreads to
previously undeveloped areas, further raising
fire risk and compounding the effects of summer
drought, pests, and warmer winters. There are
several dramatic examples of extensive spread
of invasive species throughout rangeland and
semiarid ecosystems in western states, and
indeed throughout the United States. It is likely
that the spread of these invasive species, which
often change ecosystem processes, will exacer-
bate the risks from climate change alone. For ex-
ample, in some cases invasive species increase
fire risk and decrease forage quality.

Climate change impacts on ecosystems will
affect the services that ecosystems provide,
such as cleaning water and removing carbon
from the atmosphere (very likely), but we do
not yet possess sufficient understanding to
project the timing, magnitude, and conse-
quences of many of these effects. One of the
main reasons to assess changes in ecosystems
is to understand the consequences of those
changes for the delivery of services that our
society values. There are many analyses of the
impacts of climate change on individual spe-
cies and ecosystems in the scientific literature,
but there is not yet adequate integrated analysis
of how climate change could affect ecosystem
services. A comprehensive understanding of
impacts on these services will only be possible
through quantification of anticipated alterations
in ecosystem function and productivity. As
described by the Millennium Ecosystem As-
sessment, some products of ecosystems, such as
food and fiber, are priced and traded in markets.

Climate changes
— temperature
increases,
increasing CO,
levels, and
altered patterns
of precipitation
— are already
affecting U.S.
water resources,
agriculture, land
resources, and

biodiversity.
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Existing monitoring
systems, while useful
for many purposes,
are not optimized
for detecting

the impacts of
climate change on
ecosystems.

Others, such as carbon sequestration capacity,
are only beginning to be understood and traded
in markets. Still others, such as the regulation of
water quality and quantity and the maintenance
of soil fertility, while not priced and traded, are
valuable nonetheless. Although these points
are recognized and accepted in the scientific
literature and increasingly among decision mak-
ers, there is no analysis specifically devoted to
understanding changes in ecosystem services
in the United States from climate change and
associated stresses. It is possible to make
some generalizations from the literature on the
physical changes in ecosystems, but interpreting
what these changes mean for services provided
by ecosystems is very challenging and can only
be done for a limited number of cases. This is a
significant gap in our knowledge base.

Existing monitoring systems, while useful
for many purposes, are not optimized for
detecting the impacts of climate change on
ecosystems. There are many operational and
research monitoring systems in the United States
that are useful for studying the consequences
of climate change on ecosystems and natural
resources. These range from the resource- and
species-specific monitoring systems that land-
management agencies depend on to research
networks, such as the Long-Term Ecological
Research (LTER) sites, which the scientific
community uses to understand ecosystem pro-
cesses. All of the existing monitoring systems,
however, have been put in place for other
reasons, and none have been optimized specifi-
cally for detecting the effects and consequences
of climate change. As a result, it is likely that
only the largest and most visible consequences
of climate change are being detected. In some
cases, marginal changes and improvements to
existing observing efforts, such as USDA snow
and soil moisture measurement programs, could
provide valuable new data detection of climate
impacts. But more refined analysis and/or moni-
toring systems designed specifically for detect-
ing climate change effects would provide more
detailed and complete information and probably
capture a range of more subtle impacts. Such
systems, in turn, might lead to early-warning
systems and more accurate forecasts of poten-
tial future changes. But it must be emphasized
that improved observations, while needed, are

Executive Summary

not sufficient for improving understanding of
ecological impacts of climate change. Ongoing,
integrated and systematic analysis of existing
and new observations could enable forecasting
of ecological change, thus garnering greater
value from observational activities, and contrib-
ute to more effective evaluation of measurement
needs. This issue is addressed in greater detail
in Section 3.

3 KEY QUESTIONS AND
ANSWERS

This section presents a set of answers to the
guiding questions posed by the CCSP agencies,
derived from the longer chapters that follow this
Executive Summary.

What factors influencing agriculture, land
resources, water resources, and biodiversity
in the United States are sensitive to climate
and climate change? Climate change affects
average temperatures and temperature extremes;
timing and geographical patterns of precipita-
tion; snowmelt, runoff, evaporation, and soil
moisture; the frequency of disturbances, such
as drought, insect and disease outbreaks, severe
storms, and forest fires; atmospheric composi-
tion and air quality; and patterns of human
settlement and land use change. Thus, climate
change leads to myriad direct and indirect ef-
fects on U.S. ecosystems. Warming tempera-
tures have led to effects as diverse as altered
timing of bird migrations, increased evapora-
tion, and longer growing seasons for wild and
domestic plant species. Increased temperatures
often lead to a complex mix of effects. Warmer
summer temperatures in the western United
States have led to longer forest growing seasons
but have also increased summer drought stress,
vulnerability to insect pests, and fire hazard.
Changes to precipitation and the size of storms
affect plant-available moisture, snowpack and
snowmelt, streamflow, flood hazard, and water
quality.

How could changes in climate exacerbate
or ameliorate stresses on agriculture, land
resources, water resources, and biodiversity?
What are the indicators of these stresses?
Ecosystems and their services (land and water
resources, agriculture, biodiversity) experi-
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ence a wide range of stresses, including pests
and pathogens, invasive species, air pollution,
extreme events, wildfires and floods. Climate
change can cause or exacerbate direct stress
through high temperatures, reduced water
availability, and altered frequency of extreme
events and severe storms. It can ameliorate stress
through warmer springs and longer growing
seasons, which, assuming adequate moisture,
can increase agricultural and forest productivity.
Climate change can also modify the frequency
and severity of stresses. For example, increased
minimum temperatures and warmer springs
extend the range and lifetime of many pests
that stress trees and crops. Higher temperatures
and/or decreased precipitation increase drought
stress on wild and crop plants, animals and
humans. Reduced water availability can lead to
increased withdrawals from rivers, reservoirs,
and groundwater, with consequent effects on
water quality, stream ecosystems, and human
health.

What current and potential observation
systems could be used to monitor these in-
dicators? A wide range of observing systems
within the United States provides information on
environmental stress and ecological responses.
Key systems include National Aeronautics and
Space Administration (NASA) research satel-
lites, operational satellites and ground-based
observing networks from the National Oceanic
and Atmospheric Administration (NOAA) in
the Department of Commerce, Department of
Agriculture (USDA) forest and agricultural
survey and inventory systems, Department of
Interior/U.S. Geological Survey (USGS) stream
gauge networks, Environmental Protection
Agency (EPA) and state-supported water qual-
ity observing systems, the Department of En-
ergy (DOE) Ameriflux network, and the LTER
network and the proposed National Ecological
Observing Network (NEON) sponsored by the
National Science Foundation (NSF). However,
many key biological and physical indicators are
not currently monitored, are monitored haphaz-
ardly or with incomplete spatial coverage, or are
monitored only in some regions. In addition, the
information from these disparate networks is not
well integrated. Almost all of the networks were

originally instituted for specific purposes unre-
lated to climate change and cannot necessarily
be adapted to address these new questions.

Climate change presents new challenges for
operational management. Understanding climate
impacts requires monitoring both many aspects
of climate and a wide range of biological and
physical responses. Putting climate change
impacts in the context of multiple stresses and
forecasting future services requires an integrated
analysis. Beyond the problems of integrating
the data sets, the nation has limited operational
capability for integrated ecological monitoring,
analyses, and forecasting. A few centers exist,
aimed at specific questions and/or regions, but
no coordinating agency or center has the mission
to conduct integrated environmental analysis
and assessment by pulling this information
together.

Operational weather and climate forecasting
provides an analogy. Weather-relevant observa-
tions are collected in many ways, ranging from
surface observations through radiosondes to
operational and research satellites. These data
are used at a handful of university, federal, and
private centers as the basis for analysis, under-
standing, and forecasting of weather through
highly integrative analyses blending data and
models. This operational activity requires
substantial infrastructure and depends on fed-
eral, university, and private sector research for
continual improvement. By contrast, no such
integrative analysis of comprehensive eco-
logical information is carried out, although the
scientific understanding and societal needs have
probably reached the level where an integrative
and operational approach is both feasible and
desirable.

Can observation systems detect changes in
agriculture, land resources, water resources,
and biodiversity that are caused by climate
change, as opposed to being driven by other
causes? In general, the current suite of observ-
ing systems is reasonably able overall to moni-
tor ecosystem change and health in the United
States, but neither the observing systems nor

Warming
temperatures have led
to effects as diverse
as altered timing

of bird migrations,
increased evaporation,
and longer growing
seasons for wild

and domestic plant
species.
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Climate change is
likely to lead to a
northern migration
of weeds.

the current state of scientific understanding is
adequate to rigorously quantify climate contri-
butions to ecological change and separate these
from other influences. Monitoring systems for
measuring long-term response of agriculture
to climate and other stresses are numerous,
but integration across these systems is limited.
There is no coordinated national network for
monitoring changes in land resources associ-
ated with climate change, most disturbances,
such as storms, insects, and diseases, and
changes in land cover/land use. No aspect of
the current hydrologic observing system was
designed specifically to detect climate change
or its effects on water resources. The monitor-
ing systems that have been used to evaluate the
relationship between changes in the physical
climate system and biological diversity were
likewise not designed with climate variability
or change in mind.

So for the moment, there is no viable alternative
to using the existing systems for identifying
climate change and its impacts on U.S. agricul-
ture, land resources, water resources, and bio-
diversity, even though these systems were not
originally designed for this purpose. There has
obviously been some considerable success so far
in doing so, but there is limited confidence that
the existing systems provide a true early warning
system capable of identifying potential impacts
in advance. The authors of this report also have
very limited confidence in the ability of current
observation and monitoring systems to provide
the information needed to evaluate the effective-
ness of actions that are taken to mitigate or adapt
to climate change impacts. Furthermore, we
emphasize that improvements in observations
and monitoring of ecosystems, while desirable,
are not sufficient by themselves for increasing
our understanding of climate change impacts.
Experiments that directly manipulate climate
and observe impacts are critical for developing
more detailed information on the interactions
of climate and ecosystems, attributing impacts
to climate, differentiating climate impacts from
other stresses, and designing and evaluating
response strategies. Much of our understanding
of the direct effects of temperature, elevated
CO,, ozone, precipitation, and nitrogen deposi-
tion has come from manipulative experiments.
Institutional support for such experiments is a
concern.

Executive Summary

4 SECTORAL FINDINGS

Agriculture

The broad subtopics considered in this sec-
tion are cropping systems, pasture and grazing
lands, and animal management. The many U.S.
crops and livestock varieties (valued at about
$200 billion in 2002) are grown in diverse cli-
mates, regions, and soils. No matter the region,
however, weather and climate factors such as
temperature, precipitation, CO, concentrations,
and water availability directly impact the health
and well-being of plants, pasture, rangeland,
and livestock. For any agricultural commodity,
variation in yield between years is related to
growing-season weather; weather also influ-
ences insects, disease, and weeds, which in turn
affect agricultural production.

» With increased CO, and temperature, the life
cycle of grain and oilseed crops will likely
progress more rapidly. But, as temperature
rises, these crops will increasingly begin to
experience failure, especially if climate vari-
ability increases and precipitation lessens or
becomes more variable.

» The marketable yield of many horticultural
crops —e.g., tomatoes, onions, fruits —is very
likely to be more sensitive to climate change
than grain and oilseed crops.

» Climate change is likely to lead to a northern
migration of weeds. Many weeds respond
more positively to increasing CO, than
most cash crops, particularly C3 “invasive”
weeds. Recent research also suggests that
glyphosate, the most widely used herbicide
in the United States, loses its efficacy on
weeds grown at the increased CO, levels
likely in the coming decades.

* Disease pressure on crops and domestic
animals will likely increase with earlier
springs and warmer winters, which will al-
low proliferation and higher survival rates of
pathogens and parasites. Regional variation
in warming and changes in rainfall will also
affect spatial and temporal distribution of
disease.
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* Projected increases in temperature and a
lengthening of the growing season will likely
extend forage production into late fall and
early spring, thereby decreasing need for
winter season forage reserves. However,
these benefits will very likely be affected
by regional variations in water availability.

* Climate change-induced shifts in plant spe-
cies are already under way in rangelands.
Establishment of perennial herbaceous
species is reducing soil water availability
early in the growing season. Shifts in plant
productivity and type will likely also have
significant impact on livestock operations.

* Higher temperatures will very likely reduce
livestock production during the summer
season, but these losses will very likely be
partially offset by warmer temperatures
during the winter season. For ruminants,
current management systems generally do
not provide shelter to buffer the adverse ef-
fects of changing climate; such protection is
more frequently available for non-ruminants
(e.g., swine and poultry).

* Monitoring systems for measuring long-term
response of agricultural lands are numer-
ous, but integration across these systems is
limited. Existing state-and-transition models
could be expanded to incorporate knowledge
of how agricultural lands and products re-
spond to global change; integration of such
models with existing monitoring efforts
and plant developmental data bases could
provide cost-effective strategies that both en-
hance knowledge of regional climate change
impacts and offer ecosystem management
options. In addition, at present, there are
no easy and reliable means to accurately
ascertain the mineral and carbon state of
agricultural lands, particularly over large
areas; a fairly low-cost method of monitoring
biogeochemical response to global change
would be to sample ecologically important
target species in different ecosystems.

Land Resources

The broad subtopics considered in this section
are forest lands and arid lands. Climate strongly
influences forest productivity, species composi-
tion, and the frequency and magnitude of distur-
bances that impact forests. The effect of climate
change on disturbances such as forest fire, insect
outbreaks, storms, and severe drought will
command public attention and place increasing
demands on management resources. Distur-
bance and land use will control the response of
arid lands to climate change. Many plants and
animals in arid ecosystems are near their physi-
ological limits for tolerating temperature and
water stress and even slight changes in stress
will have significant consequences. In the near
term, fire effects will trump climate effects on
ecosystem structure and function.

* Climate change has very likely increased
the size and number of forest fires, insect
outbreaks, and tree mortality in the interior
West, the Southwest, and Alaska, and will
continue to do so.

» Rising CO, will very likely increase photo-
synthesis for forests, but this increase will
likely only enhance wood production in
young forests on fertile soils.

* Nitrogen deposition and warmer tem-
peratures have very likely increased forest
growth where adequate water is available
and will continue to do so in the near
future.

* The combined effects of rising temperatures
and CO,, nitrogen deposition, ozone, and
forest disturbance on soil processes and soil
carbon storage remains unclear.

» Higher temperatures, increased drought, and
more intense thunderstorms will very likely
increase erosion and promote invasion of
exotic grass species in arid lands.

e Climate change in arid lands will create
physical conditions conducive to wildfire,
and the proliferation of exotic grasses will
provide fuel, thus causing fire frequencies
to increase in a self-reinforcing fashion.

Climate change has
very likely increased
the size and number
of forest fires, insect

outbreaks, and
tree mortality in
the interior West,
the Southwest, and
Alaska, and will
continue to do so.
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Stream
temperatures are
likely to increase

as the climate
warms, and are very
likely to have both
direct and indirect
effects on aquatic
ecosystems.

* In arid regions where ecosystems have not
coevolved with a fire cycle, the probability
of loss of iconic, charismatic megaflora such
as saguaro cacti and Joshua trees is very
likely.

* Arid lands very likely do not have a large
capacity to absorb CO, from the atmosphere
and will likely lose carbon as climate-
induced disturbance increases.

* River and riparian ecosystems in arid lands
will very likely be negatively impacted
by decreased streamflow, increased water
removal, and greater competition from non-
native species.

* Changes in temperature and precipitation
will very likely decrease the cover of vegeta-
tion that protects the ground surface from
wind and water erosion.

* Current observing systems do not easily
lend themselves to monitoring change as-
sociated with disturbance and alteration of
land cover and land use, and distinguishing
such changes from those driven by climate
change. Adequately distinguishing climate
change influences is aided by the collection
of data at certain spatial and temporal reso-
lutions, as well as supporting ground truth
measurements.

Water Resources

The broad subtopics considered in this section
are water quantity and water quality. Plants,
animals, natural and managed ecosystems, and
human settlements are susceptible to variations
in the storage, fluxes, and quality of water, all
of which are sensitive to climate change. The
effects of climate on the nation’s water storage
capabilities and hydrologic functions will have
significant implications for water management
and planning as variability in natural processes
increases. Although U.S. water management
practices are generally quite advanced, particu-
larly in the West, the reliance on past conditions
as the foundation for current and future planning
and practice will no longer be tenable as climate
change and variability increasingly create condi-
tions well outside of historical parameters and
erode predictability.

Executive Summary

* Most of the United States experienced in-
creases in precipitation and streamflow and
decreases in drought during the second half
of the 20th century. It is likely that these
trends are due to a combination of decadal-
scale variability and long-term change.

» Consistent with streamflow and precipita-
tion observations, most of the continental
United States experienced reductions in
drought severity and duration over the 20th
century. However, there is some indication
of increased drought severity and duration
in the western and southwestern United
States.

e There is a trend toward reduced mountain
snowpack and earlier spring snowmelt run-
off peaks across much of the western United
States. This trend is very likely attribut-
able at least in part to long-term warming,
although some part may have been played
by decadal-scale variability, including a
shift in the phase of the Pacific Decadal
Oscillation in the late 1970s. Where earlier
snowmelt peaks and reduced summer and
fall low flows have already been detected,
continuing shifts in this direction are very
likely and may have substantial impacts on
the performance of reservoir systems.

» Water quality is sensitive to both increased
water temperatures and changes in precipita-
tion. However, most water quality changes
observed so far across the continental United
States are likely attributable to causes other
than climate change.

» Stream temperatures are likely to increase
as the climate warms, and are very likely
to have both direct and indirect effects on
aquatic ecosystems. Changes in tempera-
ture will be most evident during low flow
periods, when they are of greatest concern.
Stream temperature increases have already
begun to be detected across some of the Unit-
ed States, although a comprehensive analysis
similar to those reviewed for streamflow
trends has yet to be conducted.
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e A suite of climate simulations conducted
for the IPCC AR4 show that the United
States may experience increased runoff in
eastern regions, gradually transitioning to
little change in the Missouri and lower Mis-
sissippi, to substantial decreases in annual
runoff in the interior of the west (Colorado
and Great Basin).

» Trends toward increased water use efficiency
are likely to continue in the coming decades.
Pressures for reallocation of water will
be greatest in areas of highest population
growth, such as the Southwest. Declining
per capita (and, for some cases, total) water
consumption will help mitigate the impacts
of climate change on water resources.

» Essentially no aspect of the current hydro-
logic observing system was designed specifi-
cally to detect climate change or its effects
on water resources. Recent efforts have the
potential to make improvements, although
many systems remain technologically ob-
solete, incompatible, and/or have significant
data collection gaps in their operational and
maintenance structures. As a result, many of
the data are fragmented, poorly integrated,
and unable to meet the predictive challenges
of a rapidly changing climate.

Biodiversity

The broad subtopics considered in this section
are species diversity and rare and sensitive
ecosystems. Biodiversity, the variation of life
at the genetic, species, and ecosystem levels
of biological organization, is the fundamental
building block of the services that ecosystems
deliver to human societies. It is intrinsically
important both because of its contribution to the
functioning of ecosystems, and because it is dif-
ficult or impossible to recover or replace, once
it is eroded. Climate change is affecting U.S.
biodiversity and ecosystems, including changes
in growing season, phenology, primary produc-
tion, and species distributions and diversity. Itis
very likely that climate change will increase in
importance as a driver for changes in biodiver-
sity over the next several decades, although for
most ecosystems it is not currently the largest
driver of change.

There has been a significant lengthening
of the growing season and increase in net
primary productivity (NPP) in the higher
latitudes of North America. Over the last 19
years, global satellite data indicate an earlier
onset of spring across the temperate latitudes
by 10 to 14 days.

In an analysis of 866 peer-reviewed papers
exploring the ecological consequences of
climate change, nearly 60 percent of the
1598 species studied exhibited shifts in their
distributions and/or phenologies over the 20-
and 140-year time frame. Analyses of field-
based phenological responses have reported
shifts as great as 5.1 days per decade, with
an average of 2.3 days per decade across all
species.

Subtropical and tropical corals in shallow
waters have already suffered major bleaching
events that are clearly driven by increases in
sea surface temperatures. Increases in ocean
acidity, which are a direct consequence of
increases in atmospheric carbon dioxide, are
calculated to have the potential for serious
negative consequences for corals.

The rapid rates of warming in the Arctic
observed in recent decades, and projected
for at least the next century, are dramatically
reducing the snow and ice covers that pro-
vide denning and foraging habitat for polar
bears.

There are other possible, and even probable,
impacts and changes in biodiversity (e.g.,
disruption of the relationships between pol-
linators, such as bees, and flowering plants),
for which we do not yet have a substantial
observational database. However, we cannot
conclude that the lack of complete observa-
tions is evidence that changes are not occur-
ring.

It is difficult to pinpoint changes in ecosys-
tem services that are specifically related to
changes in biological diversity in the United
States. A specific assessment of changes in
ecosystem services for the United States as
a consequence of changes in climate or other
drivers of change has not been done.
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* The monitoring systems that have been used
to evaluate the relationship between changes
in the physical climate system and biological
diversity have three components: species-
specific or ecosystem-specific monitoring
systems, research activities specifically
designed to create time-series of popula-
tion data and associated climatic and other

It is also not environmental data, and spatially extensive
clear that existing observations derived from remotely sensed
networks can be data. However, in very few cases were these
maintained for long monitoring systems established with climate
enough to enable variability and climate change in mind, so
careful time-series the information that can be derived from

them specifically for climate-change-related
studies is somewhat limited. It is also not
clear that existing networks can be main-
tained for long enough to enable careful
time-series studies to be conducted.

studies to be
conducted.
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This report is an assessment of the effects of
climate change on U.S. land resources, water
resources, agriculture, and biodiversity. It is
based on extensive examination of the relevant
scientific literature, and is one of a series of 21
Synthesis and Assessment Products that are
being produced under the auspices of the U.S.
Climate Change Science Program (CCSP). The
lead sponsor of this particular assessment prod-
uct is the U.S. Department of Agriculture.

The purpose of this assessment and more
broadly, of all the CCSP Scientific Assess-
ment Products (SAPS) is to integrate existing
scientific knowledge on issues and questions
related to climate change that are important to
policy and decision makers. The assessments
are meant to support informed discussion and
decision makers by a wide audience of potential
stakeholders, including, for example, federal and
state land managers, private citizens, private
industry, and non-governmental organizations.
The scientific research community is also an im-
portant stakeholder, as an additionally important
feature of the SAPs is to inform decision making
about the future directions and priorities of the
federal scientific research programs by pointing
out where there are important knowledge gaps. It
is a goal of the SAPs that they not only be useful
and informative scientific documents, but that
they are also accessible and understandable to a
more general, well-informed public audience.

The team of authors was selected by the agencies
after asking for public comment, and it includes

Introduction

Lead Authors: Peter Backlund, NCAR; Anthony Janetos, PNNL/
Univ. Maryland; David Schimel, National Ecological Observatory

Network

Contributing Authors: ). Hatfield, USDA ARS; M. Ryan, USDA
Forest Service; S. Archer, Univ.Arizona; D. Lettenmaier, Univ.

Washington

scientists and researchers from universities,
non-governmental organizations, and govern-
ment agencies, coordinated by the National
Center for Atmospheric Research (NCAR). The
team has reviewed hundreds of peer-reviewed
papers, guided by a prospectus agreed upon by
the CCSP agencies (see Appendix C).

Intent of this Report

Strong scientific consensus highlights that
anthropogenic effects of climate change are
already occurring and will be substantial
(IPCC). A recent U.S. government analysis
(GAO) shows that that U.S. land management
agencies are not prepared to address this issue.
This analysis also highlights the need for as-
sessment of climate change impacts on U.S.
natural resources and assessment of monitoring
systems needed to provide information to sup-
port effective decision making about mitigation
and adaptation in periods of potentially rapid
change. This report addresses this issue by pro-
viding an assessment specific to U.S. natural
resources in agriculture, land resources, water
resources, and biodiversity, and by assessing
the ability of existing monitoring systems to aid
decision making. The report documents that (1)
numerous, substantial impacts of climate change
on U.S. natural resources are already occurring,
(2) that these are likely to become exacerbated
as warming progresses, and (3) that existing
monitoring systems are insufficient to address
this issue.

This report is an
assessment of the
effects of climate
change on U.S.
land resources,
water resources,
agriculture, and
biodiversity.
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Strong scientific
consensus highlights
that anthropogenic
effects of climate
change are already
occurring and

will be substantial
(IPCCQC).

Scope of this Report

The overall scope of the report has been
determined by agreement among the CCSP
agencies. Important features of the scope include
the topics to be addressed:

Agriculture

* Cropping systems

» Pasture and grazing lands
* Animal management

Land Resources
¢ Forests
e Arid lands

Water Resources
* Quantity, availability, and accessibility
* Quality

Biodiversity
* Species diversity
» Rare and sensitive ecosystems

Equally important are the elements of the cli-
mate change problem that are not addressed by
this report. Some key issues, such as climate
impacts on freshwater ecosystems, did not
receive extensive attention. This is mainly due
to timing and length constraints — it does not
represent a judgment on the part of the authors
that such impacts are not important. In addition,
while the report was specifically asked to ad-
dress issues of climate impacts, it was not asked
to address the challenge of what adaptation and
management strategies exist, their potential
effectiveness, and potential costs. While these
topics are acknowledged to be important in
the scientific literature (Parsons et al.; Granger
Morgan et al.; U.S. National Assessment), they
are the subject of another of the CCSP Synthesis
and Assessment Products (4.4). Nevertheless,
the information synthesized in this report is
meant to be of use to stakeholders concerned
with planning, undertaking, and evaluating the
effectiveness of adaptation options.

This report also deals almost exclusively with
biological, ecological, and physical impacts of
climate change. With the exception of some
information in agricultural systems, market
impacts on natural resources are not discussed,
nor are the potential costs or benefits of changes
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in the management of natural resources. We
recognize that this leaves an incomplete picture
of the overall impacts of climate change on
those resources that the nation considers sig-
nificant. Again, however, further consideration
of economic effects requires a firm foundation
in understanding the biological, ecological, and
physical impacts.

Guiding Questions for this Report

This synthesis and assessment report builds on
an extensive scientific literature and series of
recent assessments of the historical and potential
impacts of climate change and climate variabil-
ity on managed and unmanaged ecosystems and
their constituent biota and processes. It discusses
the nation’s ability to identify, observe, and
monitor the stresses that influence agriculture,
land resources, water resources, and biodiver-
sity, and evaluates the relative importance of
these stresses and how they are likely to change
in the future. It identifies changes in resource
conditions that are now being observed, and
examines whether these changes can be at-
tributed in whole or part to climate change. It
also highlights changes in resource conditions
that recent scientific studies suggest are most
likely to occur in response to climate change,
and when and where to look for these changes.
The assessment is guided by five overarching
questions:

What factors influencing agriculture, land
resources, water resources, and biodiversity
in the United States are sensitive to climate
and climate change?

How could changes in climate exacerbate or
ameliorate stresses on agriculture, land re-
sources, water resources, and biodiversity?

What are the indicators of these stresses?

What current and potential observation
systems could be used to monitor these
indicators?

Can observation systems detect changes in
agriculture, land resources, water resources,
and biodiversity that are caused by climate
change, as opposed to being driven by other
causal activities?



The Effects of Climate Change on Agriculture, Land Resources,Water Resources, and Biodiversity

Ascribing Confidence to Findings

The authors of this document have used lan-
guage agreed to by the CCSP agencies to de-
scribe their confidence in findings that project
future climate changes and impacts, as shown
in Figure 1.1. The intent is to use a limited set
of terms in a systematic and consistent fashion
to communicate clearly with readers. The use of
these terms represents the qualitative judgment
of the authors of this document; much of the
underlying literature does not use such a lexicon.
Unless explicitly describing a formal statistical
analysis, the use of these terms by the authors of
this assessment should be treated as a statement
of their expert judgment in the confidence of our
findings and conclusions. There are cases where
we have not applied the agreed terminology
because we felt it was not an accurate represen-
tation of work published by others.

Time Horizon for this Report

Climate change is a long-term issue and will
affect the world for the foreseeable future.
Many studies of climate change have focused
on the next 100 years and model projections
out to 2100 have become the de facto standard,
as reported in the assessment reports produced
by the Intergovernmental Panel on Climate
Change (IPCC) and many other documents. In
this report, however, the focus is on the mid-
term future. Key results are reported out to 100
years to frame the report, but the emphasis is on
the next 25-50 years.

This mid-term focus is chosen for several rea-
sons. First, for many natural resources, planning
and management activities already address these
time scales through the development of long-
lived infrastructure, forest rotations, and other

significant investments. Second, we will experi-
ence significant warming from greenhouse gas
emissions that have already occurred, regardless
of the effectiveness of any emissions reduction
activities. And most emission scenarios for the
next few decades do not significantly diverge
from each other because it will take decades to
make major changes in energy infrastructure in
the U.S. and other nations. As a result, high- and
low-emission scenarios only begin to separate
strongly in the 2030s-2050s. As emissions di-
verge, so do climate projections, and uncertainty
about future climates rapidly becomes more
pronounced. Averaging over climate models,
a rate of a few tenths of a degree per decade
can be assumed likely for the next two to four
decades.

Global Climate Context

There is a robust scientific consensus that
human-induced climate change is occurring.
The recently released Fourth Assessment Report
of the IPCC (IPCC AR4) states with “very high
confidence,” that human activity has caused the
global climate to warm. Many well-documented
observations show that fossil fuel burning, de-
forestation, and other industrial processes are
rapidly increasing the atmospheric concentra-
tions of CO, and other greenhouse gases. The
IPCC report describes an increasing body of
observations and modeling results, summarized
below, which show that these changes in atmo-
spheric composition are changing the global
climate and beginning to affect terrestrial and
marine ecosystems.

The global-average surface temperature
increased by about 0.6°C over the 20th
century. Global sea level increased by about
15-20 cm during this period.
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Figure 1.1 Language for discussing confidence in findings.
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Global Surface Temperature [°C]

Anomaly compared to 1961-1990 average

Observations since 1961 show that the average
temperature of the global ocean has increased
to depths of at least 3,000 meters, and that the
ocean has been absorbing more than 80 per-
cent of the heat added to the climate system.

Long-term temperature records from ice
sheets, glaciers, lake sediments, corals, tree
rings, and historical documents show that
1995-2004 was the warmest decade worldwide
in the last 1-2,000 years. Nine of the 10 warm-
est years on record occurred since 1996.
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Global precipitation over land increased about
2 percent over the last century, with con-
siderable variability by region (Northern Hemi-
sphere precipitation increased by about 5 to 10
percent during this time, while West Africa and
other areas experienced decreases).

Mountain glaciers are melting worldwide,
Greenland’s ice sheet is melting, the extent
and thickness of Arctic sea ice is declining,
and lakes and rivers freeze later in the fall and
melt earlier in the spring. The growing season
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Figure 1.2 Temperatures of the Last Millennium and the Next Century. The effects of historical recon-
structions of solar variability and volcanic eruptions were modeled using an NCAR climate model and
compared to several reconstructions of past temperatures. The model reproduces many temperature
variations of the past 1,000 years, and shows that solar and volcanic forcing has been a considerable impact
on past climate. When only 20th century solar and volcanic data are used, the model fails to reproduce
the recent warming, but captures it well when greenhouse gases are included.
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in the Northern Hemisphere has lengthened
by about | to 4 days per decade in the last 40
years, especially at high latitudes.

The ranges of migrating birds, and some fish
and insect species are changing. Tropical
regions are losing animal species, especially
amphibians, to warming and drying.

Although much (but not all) of recent increases
have been in nighttime maximum temperatures
rather than daytime maxima, the expectation
for the future is that daytime temperatures
will become increasingly responsible for higher
overall average temperatures.

Change and variability are persistent features of
climate, and the anthropogenic climate change
now occurring follows millennia of strictly
natural climate changes and variability. Paleocli-
mate records, including natural archives in tree
rings, corals, and glacial ice, now show that the
climate of the last millennium has varied sig-
nificantly with hemispheric-to-global changes
in temperature and precipitation resulting from
the effects of the sun, volcanoes, and the climate
system’s natural variability (Ammann et al.
2007). The anthropogenic changes now being
observed are superimposed on this longer-term,
ongoing variability, some of which can be re-
produced by today’s advanced climate models.
Importantly, the model that captures the past
thousand years of global temperature patterns
successfully (Figure 1.2) using only solar and
volcanic inputs does not accurately simulate the
20th century’s actual, observed climate unless
greenhouse gases are factored in (Ammann et
al. 2007).

It is also clear that human influences will con-
tinue to alter Earth’s climate throughout the 21st
century. The IPCC AR4 describes a large body
of modeling results, which show that changes in
atmospheric composition will result in further
increases in global average temperature and sea
level, and continued declines in snow cover,
land ice, and sea ice extent. Global average
rainfall, variability of rainfall, and heavy rainfall
events are projected to increase. Heat waves in
Europe, North America, and other regions will
become more intense, more frequent, and longer

lasting. It is very likely that the rate of climate
change in the 21st century will be faster than
that seen in the last 10,000 years. The IPCC
AR4 contains projections of the temperature
increases that would result from a variety of
different emissions scenarios:

If atmospheric concentration of CO, increases
to about 550 parts per million (ppm), global
average surface temperature would likely in-
crease by about [.1-2.9°C by 2100.

If atmospheric concentration of CO, increases
to about 700 ppm, global average surface tem-
perature would likely increase about 1.7-4.4°C
by 2100.

If atmospheric concentration of CO, increases
to about 800 ppm, global average surface tem-
perature would likely increase about 2.0-5.4°C
by 2100.

Even if atmospheric concentration of CO,
were stabilized at today’s concentrations of
about 380 ppm, global average surface tem-
peratures would likely continue to increase by
another 0.3-0.9°C by 2100.

U.S. Climate Context

Records of temperature and precipitation in the
United States show trends that are consistent
with the global-scale changes discussed above.
The United States has warmed significantly
overall, but change varies by region (Figure 1.3).
Some parts of the United States have cooled, but
Alaska and other northern regions have warmed
significantly. Much of the eastern and southern
U.S. now receive more precipitation than 100
years ago, while other areas, especially in the
Southwest, now receive less (Figure 1.4).

The scenarios of global temperature change
discussed in the global climate context section
above would result in large changes in U.S.
temperatures and precipitation, with consider-
able variation by region. Figure 1.5, which is
based on multiple model simulations, show how
IPCC global scenario A1B, generally considered
a moderate emissions growth scenario, would
affect U.S. temperatures and precipitation by
2030. The projected temperature increases range

The United States
has warmed
significantly

overall, but change

varies by region.
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from approximately 1°C in the southeastern relative balance of the two factors on average
United States, to more than 2°C in Alaska and in the U.S. leads to less moisture in soils and
northern Canada, with other parts of North  surface waters for organisms or ecosystems to
America having intermediate values. utilize both now and in the future.

Extreme climate
conditions, such
as droughts, heavy

rainfall, snow events, Although precipitation increases are anticipated ~ The average temperature and precipitation are

for large areas of the U.S., itis importanttonote  not the only factors that affect ecosystems.
individual speciesand  this does not necessarily translate into more  Extreme climate conditions, such as droughts,
ecosystems structure available moisture for biological and ecological  heavy rainfall, snow events, and heat waves
and function. processes. Higher temperatures increase evapo-  affect individual species and ecosystems struc-

transpirative losses to the atmosphere, and the  ture and function. Change in the incidence of
extreme events could thus
have major impacts on U.S.
ecosystems and must be
considered when assessing
vulnerability to and impacts
of climate change. Figure
1.6 shows how the IPCC
A1B scenario will change
the incidence of heat waves
and warm nights by approxi-
mately 2030. Figure 1.7
shows projected changes
in frost days and growing
season.

and heat waves affect

Temperature Trend
1901-2006 Deg C
™ High:4.43

B Low:-0.70

Figure 1.3 Mapped trends in temperature across the lower 48 states and Alaska. These
data, which show the regional pattern of U.S. warming, are averaged from weather sta-
tions across the country using stations that have as complete, consistent, and high quality
records as can be found. Courtesy of NOAA’s National Climate Data Center and the U.S.
Geological Survey.

Sa——rr

Precipitation Trend
1901 - 2006
%/ Century

P High: 5274

 Low: 3666

Figure 1.4 Precipitation changes over the past century from the same weather stations as
for temperature. The changes are shown as percentage changes from the long-term average.
Courtesy of NOAA’s National Climate Data Center and the U.S. Geological Survey.



The Effects of Climate Change on Agriculture, Land Resources,Water Resources, and Biodiversity

IPCC A1B  Sfc Air Temperature 2030-1990 IPCC A1B  Precipitation 2030-1990

ICAR/DOE Climate Change Prediction Group: www.cgd.ucar.edu/ccr/ccy NCAR/DOE Climate Change Prediction Group: www.cgd.ucar.edu/ccr/ccy
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Figure 1.5 U.S. Temperature and Precipitation Changes by 2030. This figure shows how U.S. temperatures and precipitation
would change by 2030 under IPCC emissions scenario AlB, which would increase the atmospheric concentration of green-
house gases to about 700 parts per million by 2100 (this is roughly double the pre-industrial level). The changes are shown
as the difference between two 20-year averages (2020-2040 minus 1980-1999). These results are based on simulations from
nine different climate models from the IPCC AR4 multi-model ensemble. The simulations were created on supercomputers at
research centers in France, Japan, Russia, and the United States. Adapted by Lawrence Buja and Julie Arblaster from Tebaldi
et al. 2006: Climatic Change, Going to the extremes; An intercomparison of model-simulated historical and future changes in
extreme events, Climatic Change, 79:185-211.

IPCC A1B  Heat Waves 2030-1990 IPCC A1B  Warm Nights 2030-1990

NCAR/DOE Climate Change Prediction Group: www.cgd.ucar.edu/ccr/cgi ICAR/DOE Climate Change Prediction Group: www.cgd.ucar.edu/ccr/ccy
‘ _ (days) _ (%)

0 7 14 21 0 10 20 30 40 50

Figure 1.6 Simulated U.S. Heat Wave Days and Warm Nights in 2030. The left panel shows the projected change in number of
heat wave days (days with maximum temperature higher by at least 5°C (with respect to the climatological norm)). The right panel
shows changes in warm nights (percent of times when minimum temperature is above the 90th percentile of the climatological
distribution for that day). Both panels show results for IPCC emissions scenario AlIB, which would increase the atmospheric
concentration of greenhouse gases to about 700 parts per million by 2100 (this is roughly double the pre-industrial level). The
changes are shown as the difference between two 20-year averages (2020-2040 minus 1980-1999). Shading indicates areas of
high inter-model agreement. These results are based on simulations from nine different climate models from the IPCC AR4
multi-model ensemble. The simulations were created on supercomputers at research centers in France, Japan, Russia, and the
United States. Adapted by Lawrence Buja and Julie Arblaster from Tebaldi et al. 2006: Climatic Change, Going to the extremes;
An intercomparison of model-simulated historical and future changes in extreme events, Climatic Change, 79:185-211.
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IPCC A1B

Frost days 2030-1990

Ecological and Biological Context
Climate variability and change have many
impacts on terrestrial and marine ecosystems.
Ecosystem responses to climate have implica-
tions for sustainability, biodiversity, and the
ecosystem goods and services available to soci-
ety. Some of these impacts affect the biological
systems only, but some create further feedbacks
to the climate system through greenhouse gas
fluxes, albedo changes, and other processes.

Much research on terrestrial ecosystems and
climate change has focused on their role as
carbon sources or sinks. The observation that
atmospheric CO, was increasing more slowly
than expected from fossil fuel use and ocean

Chapter |

uptake led to the speculation of a “missing
sink,” and the conclusion that increased plant
photosynthesis was due to elevated atmospheric
CO, (Gifford et al. 1994). It is now evident that
several mechanisms, and not just CO, fertiliza-
tion, contribute to the ‘missing sink’ (Field et al.
2007). These mechanisms include recovery from
historic land use, fertilizing effects of nitrogen in
the environment, expansion of woody vegetation
ranges, storage of carbon in landfills and other
depositional sites, and sequestration in long-
lived timber products (Schimel et al. 2001).

Responses of photosynthesis and other pro-
cesses that contribute to overall plant growth
to warming are nonlinear. Each process (e.g.,

IPCC A1B  Growing season 2030-1990

NCAR/DOE Climate Chanie Prediction Group: www.cgd.ucar.edu/ccr/ccp

-20 -15 -10 -5 5 10 15

NCAR/DOE Climate Change Prediction Group: www.cgd.ucar.edu/ccr/cg)
(days) _ (days)

20 25 30

Figure 1.7 Changes in U.S. Frost days and Growing season by 2030. This figure shows decreases in frost days and increases in growing
season length that would occur by about 2030 if the world follows IPCC emissions scenario AlB, which would increase the atmospheric
concentration of greenhouse gases to about 700 parts per million by 2100 (this is roughly double the pre-industrial level). The changes
are shown as the difference between two 20-year averages (2020-2040 minus 1980-1999). Shading indicates areas of high inter-model
agreement. These results are based on simulations from nine different climate models from the IPCC AR4 multi-model ensemble. The
simulations were created on supercomputers at research centers in France, Japan, Russia, and the United States. Adapted by Lawrence
Buja and Julie Arblaster from Tebaldi et al. 2006: Climatic Change, Going to the extremes; An intercomparison of model-simulated
historical and future changes in extreme events, Climatic Change, 79:185-211.
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photosynthesis, respiration) typically has its own
optimal response to temperature, which then
decreases as temperatures change either below
or above that optimum. The response of plants
from different ecosystems is usually adapted to
local conditions. Extreme hot and cold events af-
fect photosynthesis and growth and may reduce
carbon uptake or even cause mortality. Warm-
ing can lead to either increased or decreased
plant growth, depending on the balance of the
response of the individual processes.

Comprehensive analyses show that climate
change is already causing the shift of many
species to higher latitudes and/or altitudes,
as well as changes in phenology. Not all spe-
cies can successfully adjust, and some models
suggest that biomes that are shifting in a warm,
high-CO, world lose an average of a tenth of
their biota.

Climate will affect ecosystems through fire,
pest outbreaks, diseases, and extreme weather,
as well as through changes to photosynthesis
and other physiological processes. Disturbance
regimes are a major control of climate-biome
patterns. Fire-prone ecosystems cover about half
the land area where forests would be expected,
based on climate alone, and lead to grasslands
and savannas in some of these areas. Plant
pathogens, and insect defoliators are pervasive
as well, and annually affect more than 40 times
the acreage of forests in the United States dam-
aged by fire. Disturbance modifies the climatic
conditions where a vegetation type can exist.

While much of the ecosystems and climate
change literature focuses on plants and soil pro-
cesses, significant impacts on animal species are
also known. A substantial literature documents
impacts on the timing of bird migrations, on the
latitudinal and elevational ranges of species and
on more complex interactions between species,
e.g., when predator and prey species respond to
climate differently, breaking their relationships
(Parmesan and Yohe 2003). The seasonality of
animal processes may also respond to changes
in climate, and this effect can have dramatic
consequences, as occurs, for example, with
changes in insect pest or pathogen-plant host
interactions. Domestic animals also respond

significantly to climate, both through direct
physiological impacts on livestock, and through
more complex effects of climate on livestock
and their habitats.

Marine and coastal ecosystems are similarly
sensitive in general to variability and change in
the physical climate system, and in some cases
directly to atmospheric concentrations of carbon
dioxide. Fish populations in major large marine
biomes are known to shift their geographic
ranges in response to specific modes of climate
variation, such as the Pacific Decadal Oscil-
lation and the North Atlantic Oscillation, and
there have been shifts in geographical range of
some fish species in response to surface water
warming over the past several decades on both
West and East coasts of North America. Sub-
tropical and tropical corals in shallow waters
have already suffered major bleaching events
that are clearly driven by increases in sea surface
temperatures, and increases in ocean acidity,
which are a direct consequence of increases in
atmospheric carbon dioxide, are calculated to
have the potential for serious negative conse-
quences for corals.

Many studies on climate impacts on ecosystems
look specifically at impacts only of variation and
change in the physical climate system and CO,
concentrations. But there are many factors that
affect the distribution, complexity, make-up, and
performance of ecosystems. Disturbance, pests,
invasive species, deforestation, human manage-
ment practices, overfishing, etc., are powerful
influences on ecosystems. Climate change
impacts are but one of many such features, and
need to be considered in this broader context.

Attribution of Ecosystem Changes

It is important to note that the changes due to
climate change occur against a background of
rapid changes in other factors affecting ecosys-
tems. These include changing patterns of land
management, intensification of land use and
exurban development, new management prac-
tices (e.g., biofuel production), species invasions
and changing air quality (Lodge et al. 2006).
Because many factors are affecting ecosystems
simultaneously, it is difficult and in some cases
impossible to factor out the magnitude of each

Not all species can
successfully adjust,
and some models
suggest that biomes
that are shifting

in a warm, high-
CO, world lose an
average of a tenth of
their biota.
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The changes that
are likely to occur
will continue to
have significant
effects on the
ecosystems of
the United States,
and the services
those ecosystems
provide.
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impact separately. In a system affected by, for
example, temperature, 0zone, and changing pre-
cipitation, assigning a percentage of an observed
change to each factor is generally impossible.
Research on improving techniques for separat-
ing influences is ongoing, but in some cases
drivers of change interact with each other, mak-
ing the combined effects different from the sum
of the separate effects. Scientific concern about
such multiple stresses is rising rapidly.

Summary

The changes in temperature and precipitation
over the past century now form a persistent
pattern and show features consistent with the
scientific understanding of climate change. For
example, scientists expect larger changes near
the poles than near the equator. This pattern
can be seen in the dramatically higher rates of
warming in Alaska compared to the rest of the
country. Most of the warming is concentrated
in the last decades of the century. Prior to that,
large natural variations due to solar and volca-
nic effects were comparable in magnitude to
the then-lower greenhouse gas effects. These
natural swings sometimes enhanced and some-
times hid the effects of greenhouse gases. The
warming due to greenhouse gases is now quite
large and the “signal” of the greenhouse warm-
ing has more clearly emerged from the “noise”
of the planet’s natural variations. The effects of
greenhouse gases have slowly accumulated, but
in the past few years, their effects have become
evident. Recent data show clearly both the trends
in climate, and climate’s effects on many aspects
of the nation’s ecology.

The changes that are likely to occur will con-
tinue to have significant effects on the eco-
systems of the United States, and the services
those ecosystems provide. The balance of this
report will document some of the observed his-
torical changes and provide insights into how
the continuing changes may affect the nation’s
ecosystems.

Chapter |
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2.1 INTRODUCTION

This synthesis and assessment report builds on
an extensive scientific literature and series of
recent assessments of the historical and potential
impacts of climate change and climate vari-
ability on managed and unmanaged ecosystems
and their constituent biota and processes. It
identifies changes in resource conditions that
are now being observed, and examines whether
these changes can be attributed in whole or part
to climate change. It also highlights changes in
resource conditions that recent scientific studies
suggest are most likely to occur in response to
climate change, and when and where to look
for these changes. As outlined in the Climate
Change Science Program (CCSP) Synthesis and
Assessment Product 4.3 (SAP 4.3) prospectus,
this chapter will specifically address climate-
related issues in cropping systems, pasture and
grazing lands, and animal management.

In this chapter the focus is on the near-term
future. In some cases, key results are reported
out to 100 years to provide a larger context but
the emphasis is on the next 25-50 years. This
nearer term focus is chosen for two reasons.
First, for many natural resources, planning and
management activities already address these
time scales through the development of long-
lived infrastructure, plant species rotation, and
other significant investments. Second, climate
projections are relatively certain over the next
few decades. Emission scenarios for the next

Agriculture

Lead Author: |. L. Hatfield, USDA ARS

Contributing Authors:
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Pastureland: R.C. Izaurralde, A.M.Thomson
Rangeland: ].A. Morgan, H.WV. Polley, PA. Fay
Animal Management: T.L. Mader, G.L. Hahn

few decades do not diverge from each other
significantly because of the “inertia” of the
energy system. Most projections of greenhouse
gas emissions assume that it will take decades to
make major changes in the energy infrastructure,
and only begin to diverge rapidly after several
decades have passed (30-50 years).

To average consumers, U.S. agricultural produc-
tion seems uncomplicated — they see only the
staples that end up on grocery store shelves. The
reality, however, is far from simple. Valued at
$200 hillion in 2002, agriculture includes a wide
range of plant and animal production systems
(Figure 2.1).

The United States Department of Agriculture
(USDA) classifies 116 plant commaodity groups
as agricultural products, as well as four livestock
groupings (beef cattle, dairy, poultry, swine)
and products derived from animal production,
e.g., cheese or eggs. Of these commodities,
52 percent of the total sales value is generated
from livestock, 21 percent from fruit and nuts,
20 percent from grain and oilseed, two percent
from cotton, and five percent from other com-
modity production, not including pastureland or
rangeland production (Figure 2.2).

The many U.S. crops and livestock varieties are
grown in diverse climates, regions, and soils. No
matter the region, however, weather and climate
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characteristics such as temperature, precipita- has benefited from optimizing the adaptive areas
tion, carbon dioxide (CO,), and water avail- of crops and livestock. For any commodity,
ability directly impact the health and well-being  variation in yield between years is related to
of plants and livestock, as well as pasture and  growing-season weather effects. These effects
rangeland production. The distribution of crops  also influence how insects, disease, and weeds
and livestock is also determined by the climatic  affect agricultural production.

resources for a given region and U.S. agriculture

Market Value of Agricultural
Products Sold: 2002

1 Dot = $20,000,000

jau “w  United States Total
i ‘ o $200,646,355,000

Figure 2.1 The extensive and intensive nature of U.S. agriculture is best represented in the context of the value
of the production of crops and livestock. The map above presents the market value of all agricultural products
sold in 2002 and their distribution. (USDA National Agricultural Statistics Service.)

Figure 2.2 The sales value of individual crops and ~ Market Value of Agricultural Commodities 2002

livestock is represented at right. As the chart indi- B Grain and Oilseed
cates, crops and livestock represent approximately eSOk srops
equal portions of the commodity value. (USDA Cotton

National Agricultural Statistics Service.) = Other Commodities
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The goal in this chapter is to provide a synthesis
of the potential impacts of climate on agriculture » Beef Cows - Inventory: 2002
that can be used as a baseline to understand the
consequences of climate variability. A variety
of agricultural crops will be considered in
this report. Among them is corn (Zea mays),
the most widely distributed U.S. crop after
pastureland and rangeland; wheat, which is
grown in most states, but has a concentration
in the upper Great Plains and northwest United
States; and orchard crops, which are restricted
to regions with moderate winter temperatures. :
For any of these crops, shifts in climate can af- o £ 100t = 6,000 Beef Cows
fect production through, for instance, variance
in temperature during spring (flowering) and -
fall (fruit maturity). [5Y

United States Total
33,398,271

. . i Figure 2.3 Distribution of beef cow inventory across the United States
Additionally, this chapter will look at beef in 2002. (USDA National Agricultural Statistics Service.)
cow production, which is ubiquitous across

the United States (Figure 2.3). Because of the
regular presence of beef cows across the nation, , Acres of Pastureland, 1997
beef cow vitality provides an effective indicator
of the regional impact of climate change. While
beef cows are found in every state, the greatest
number are raised in regions that have an abun-
dance of native or planted pastures (Figure 2.4),
which provide easy access to accessible feed
supplies for the grazing animals.

Over the past 25 years, there has been a decline
in land classified as rangeland, pastureland,
or grazed forest. Many of these shifts relate
to changing land use characteristics, such as
population growth (Table 2.1); the growing
eastern U.S. has experienced the greatest reduc-
tion in such land resources (Table 2.2). This
chapter will provide an overview of the state of
pasturelands and rangelands as defined by the
USDA. Pastureland is a land cover/use category
of land managed primarily for the production of
introduced forage plants for livestock grazing.
Pastureland cover may consist of a single spe-
cies in a pure stand, a grass mixture, or a grass-
legume mixture. Management usually consists
of cultural treatments: fertilization, weed
control, reseeding or renovation, and control of
grazing. Rangeland is a land cover/use category
on which the climax or potential plant cover is

Alaska (No Data)

Figures 2.4a and 2.4b Distribution of pastureland and rangeland across
the United States in 1997.
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composed principally of native grasses, grass-
like plants, forbs, or shrubs suitable for grazing
and browsing, and introduced forage species that
are managed like rangeland. This would include
areas where introduced hardy and persistent
grasses, such as crested wheatgrass, are planted
and such practices as deferred grazing, burning,
chaining, and rotational grazing are used, with
little or no chemicals or fertilizer applied. This
chapter will also consider the effects of climate
on these areas.

Chapter 2

2.2 OBSERVED CHANGES AND
RESPONSES

2.2.1 Crops

2.2.1.1 SCOPE OF THE AGRICULTURAL
SYSTEMS

As noted earlier, agriculture is a diverse system
that covers a wide range of species and produc-
tion systems across the United States. However,
this chapter’s scope includes species covered
in the available scientific literature that evalu-
ates observed responses to changing climate

Table 2.1 Non-federal grazing land (in millions of acres). Source: Natural Resources Conservations Service
(NRCS).

Grazed
Forest land Total
(millions of acres) (millions of acres)

Pastureland
(millions of acres)

Rangeland

24

1982 415.5 131.1 64.3 610.9
1992 406.7 125.2 61.0 592.9
1997 404.9 119.5 58.0 582.4
2001 404.9 119.2 55.2 579.3
2003 405.1 117.0 54.3 576.4

Table 2.2 Changes in pasturelands by major water resource areas (in millions of acres).
Source: www.nrcs.usda.gov/technical/land/nri03/national_landuse.html

1982 1992 2003
Arkansas-White-Red 18.6 19.0 19.8
California / Great Basin 2.3 2.2 2.3
Great Lakes 5.8 4.7 44
Lower Colorado / Upper Colorado 0.8 0.9 0.9
Lower Mississippi 5.6 5.4 5.0
Missouri 20.4 19.2 18.0
New England / Mid Atlantic 74 6.3 5.6
Ohio / Tennessee River 20.9 19.8 17.7
Pacific Northwest 4.6 4.7 43
Souris- Red-Rainy / Upper Mississippi 14.5 12.7 1.7
South Atlantic-Gulf 15.5 15.9 13.9
Texas-Gulf / Rio Grande 14.7 14.4 13.4
Totals 131.1 125.2 117.0
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characteristics. In the crops section, the focus
is on maize (corn), soybean (Glycine max),
wheat (Triticum aestivum), rice (Oryza sativa),
sorghum (Sorghum bicolor), cotton (Gos-
sypium hirsutum), peanut (Arachis hypogea),
dry kidney bean (Phaseolus vulgaris), cowpea
(Vigna unguiculata), and tomato (Lycopersicon
esculentum).

Animal production systems cover beef cattle,
dairy, swine, and poultry as the primary classes
of animals. While climate changes affect all
of these animals, the literature predominantly
addresses beef, dairy, and swine. Poultry are
primarily grown in housed operations, so the
effect of climate change more directly affects
the energy requirements for building opera-
tions compared to a direct effect on the animal.
Similar statements can be made for swine pro-
duction since the vast majority of the animals
are housed. Temperature affects animals being
moved from buildings to processing plants, but
because these animals are moved quickly from
production to processing, this is a problem only
in extreme conditions.

Both pasture and rangeland are reviewed in this
chapter. In the pastureland section, 13 species
are considered in the analysis; for rangeland,
species include a complex mixture of grasses
and forbs, depending on the location.

As much as possible, the conclusions about
the effects of global change on agriculture and
other ecosystems are based on observed trends
as much as possible. However, an immediate
obstacle to using this observational approach is
that the productivity of most agricultural enter-
prises has increased dramatically over the past
decades due to improvements in technology,
and the responses to these changes in technol-
ogy overwhelm responses to global change that
almost certainly are present but are statistically
undetectable against the background of large
technological improvements. Fortunately, nu-
merous manipulative experiments have been
conducted on these managed agricultural sys-
tems wherein temperature, CO,, ozone (O3),
and/or other factors have been varied. From
such experiments, the relative responses to the
changing climate variables can be deduced.
A second challenge, however, is that the de-
tails of each experiment have been different

— different temperature changes have been
explored, different concentrations of CO,, dif-
ferent crop varieties and so forth. The problem
remains as to how to represent such experimen-
tal variability in methods in a way that provides
a consistent baseline for comparison.

As noted in the Introduction, in about 30 years,
CO, concentrations are expected to have in-
creased about 60 ppm (from today’s 380 ppm
to about 440 ppm), and temperatures over the
contiguous United States are expected to have
increased by an average of about 1.2°C. We
have therefore used these increments as baseline
comparison points compared to current CO, and
temperatures to estimate the likely responses
of crops to global change for the 30-year time
horizon of this report. We have done this by
constructing mathematical response functions
for crops and experiments that use the experi-
mental data available.

2.2.1.2 PLANT RESPONSE TO
TEMPERATURE

2.2.1.2.1 General Response

Crop species differ in their cardinal tempera-
tures (critical temperature range) for life cycle
development. There is a base temperature for
vegetative development, at which growth com-
mences, and an optimum temperature, at which
the plant develops as fast as possible. Increasing
temperature generally accelerates progression
of a crop through its life cycle (phenological)
phases, up to a species-dependent optimum
temperature. Beyond this optimum temperature,
development (node and leaf appearance rate)
slows. Cardinal temperature values are pre-
sented below, in Tables 2.3 and 2.4, for selected
annual (non-perennial) crops under conditions in
which temperature is the only limiting variable.

One caveat is that the various scenarios for glob-
al change predict increasing air temperatures,
but plants often are not growing at air tempera-
ture. For example, under arid conditions, amply
irrigated crops can easily be 10°C cooler than air
temperature due to transpirational cooling. Solar
and sky radiation, wind speed, air humidity, and
plant stomatal conductance are all variables that
affect the difference in temperature between
plants and air. While recognizing this problem,
it is important to understand that published
cardinal temperatures such as those in Tables

The goal in this
chapter is to
provide a synthesis
of the potential
impacts of climate
on agriculture
that can be used
as a baseline to
understand the
consequences of
climate variability.
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2.3 and 2.4 are based on air temperature, rather
than vegetation temperature. That is because air
temperatures are much easier to measure than
plant temperatures, and usually only air tem-
peratures are reported from experiments; also
many crop growth models assume that plants are
growing at air temperature rather than at their
own vegetation temperature. Nevertheless, crop
canopy temperatures are sufficiently coupled to
air temperatures that for a first approximation,
we expect future crop canopy temperatures to
increase by about the same amount as air tem-
peratures with global warming.

Faster development of non-perennial crops is
not necessarily ideal. A shorter life cycle results
in smaller plants, shorter reproductive phase
duration, and lower yield potential. Because of
this, the optimum temperature for yield is nearly
always lower than the optimum temperature
for leaf appearance rate, vegetative growth, or
reproductive progression. In addition, tempera-
tures that fall below or above specific thresholds

Chapter 2

at critical times during development can also
have significant impact on yield. Temperature
affects crop life cycle duration and the fit of
given cultivars to production zones. Day-length
sensitivity also plays a major role in life cycle
progression in many crops, but especially for
soybean. Higher temperatures during the re-
productive stage of development affect pollen
viability, fertilization, and grain or fruit forma-
tion. Chronic as well as short-term exposure to
high temperatures during the pollination stage
of initial grain or fruit set will reduce yield
potential. This phase of development is one of
the most critical stages of growth in response
to temperatures extremes. Each crop has a
specific temperature range at which vegetative
and reproductive growth will proceed at the
optimal rate and exposures to extremely high
temperatures during these phases can impact
growth and yield; however, acute exposure from
extreme events may be most detrimental during
the reproductive stages of development.

Table 2.3. For several economically significant crops, information is provided regarding cardinal, base, and opti-
mum temperatures (°C) for vegetative development and reproductive development, optimum temperature for
vegetative biomass, optimum temperature for maximum grain yield, and failure (ceiling) temperature at which
grain yield fails to zero yield. The optimum temperatures for vegetative production, reproductive (grain) yield,

and failure point temperatures represent means from studies where diurnal temperature range was up to 10°C.

Opt Temp Failure
Opt Temp Range Temp
Base OptTemp BaseTemp OptTemp Range Reprod Reprod
Crop Temp Veg Veg Repro Repro Veg Prod Yield ME
Maize 8! 34! 8! 341 18-222 353
Soybean 74 304 65 265 25-376 22-246 397
Wheat 08 268 18 268 20-30° I1510 3411
Rice 812 3613 812 3312 3314 23-2613.15 35-3613
Sorghum 816 3416 816 3117 26-3418 251719 3517
Cotton 1420 3720 1420 28-3020 3421 25-2622 3523
Peanut 1024 >3024 124 29-3325 31-352¢6 20-2626.27 3926
Bean 2328 23-242829 3228
Tomato 730 2230 730 2230 22-2530 303!

1Kiniry and Bonhomme (1991):, 2Muchow et al. (1990); 3Herrero and Johnson (1980); 4Hesketh et al. (1973); 5Boote et al. (1998);

6Boote et al. (1997); 7Boote et al. (2005); 8Hodges and Ritchie (1991); 9Kobza and Edwards (1987); 10Chowdury and Wardlaw (1978);

11Tashiro and Wardlaw (1990); 12Alocilja and Ritchie (1991); 13Baker et al. (1995); 14Matsushima et al. (1964); 5Horie et al. (2000);
16Alagarswamy and Ritchie 1991); 17Prasad et al. (2006a); 18Maiti (1996); 19Downs (1972); 20K.R. Reddy et al. (1999, 2005); 21V.R.
Reddy et al. (1995); 22K.R. Reddy et al. (2005); 23K.R. Reddy et al. (1992a, 1992b); 240ng (1986); 25Bolhuis and deGroot (1959);

26Prasad et al. (2003); 27Williams et al. (1975); 28Prasad et al. (2002); 29Laing et al. (1984); 30Adams et al. (2001); 31Peat et al. (1998).
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For most perennial, temperate fruit and nut
crops, winter temperatures play a significant role
in productivity (Westwood 1993). There is con-
siderable genotypic variation among fruit and
nut crops in their winter hardiness (that is, the
ability to survive specific low temperature ex-
tremes), and variation in their “winter chilling”
requirement for optimum flowering and fruit set
in the spring and summer (Table 2.5). Placement
of fruit and nut crops within specific areas are
related to the synchrony of phenological stages
to the climate and the climatic resources of the
region. Marketable yield of horticultural crops is
highly sensitive to minor environmental stresses
related to temperatures outside the optimal
range, which negatively affect visual and flavor
quality (Peet and Wolfe 2000).

2.2.1.2.2 Temperature effects on crop yield
Yield responses to temperature vary among
species based on the crop’s cardinal temperature
requirements. Plants that have an optimum range
at cooler temperatures will exhibit significant
decreases in yield as temperature increases
above this range. However, reductions in yield
with increasing temperature in field conditions
may not be due to temperature alone, as high
temperatures are often associated with lack of
rainfall in many climates. The changes in tem-
perature do not produce linear responses with
increasing temperature because the biological
response to temperature is nonlinear, therefore,
as the temperature increases these effects will be
larger. The interactions of temperature and water
deficits negatively affect crop yield.

Table 2.4 Temperature thresholds for selected vegetable crops. Values are approximate, and for relative com-
parisons among groups only. For frost sensitivity: “+” = sensitive to weak frost; “-” = relatively insensitive; “()”
= uncertain or dependent on variety or growth stage. Adapted from Krug (1997) and Rubatzky and Yamaguchi

(1997). F

Sensitivity

Acceptable Opt Temp
Climatic Temp (C) For (@) Acceptable Temp (C) Frost
Classification Crop Germination ForYield Growth Range

Hot Watermelon 21-35 25-27 18-35 +
Okra 21-35 25-27 18-35 +
Melon 21-32 25-27 18-35 +
Sweet Potato 21-32 25-27 18-35 +

Warm Cucumber 16-35 20-25 12-30(35) +
Pepper 16-35 20-25 12-30(35) +
Sweet corn 16-35 20-25 12-30(35) +
Snap bean 16-30 20-25 12-30(35) +
Tomato 16-30 20-25 12-30(35) +

Cool-Warm Onion 10-30 20-25 7-30 -
Garlic 7-25 20-25 7-30 -
Turnip 10-35 18-25 5-25 -
Pea 10-30 18-25 5-25 0

Cool Potato 7-26 16-25 5-25(30) +
Lettuce 5-26 16-25 5-25(30) (+)
Cabbage 10-30 16-18(25) 5-25 -
Broccoli 10-30 16-18(25) 5-25 >
Spinach 4-16 16-18(25) 5-25 -
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Marketable yield of
horticultural crops
is highly sensitive to
minor environmental
stresses related

to temperatures
outside the optimal
range, which
negatively affect
visual and flavor
quality.
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221221 Maize

Increasing temperature causes the maize life
cycle and duration of the reproductive phase
to be shortened, resulting in decreased grain
yield (Badu-Apraku et al. 1983; Muchow et al.
1990). In the analyses of Muchow et al. (1990),
the highest observed (and simulated) grain
yields occurred at locations with relatively cool
temperatures (growing season mean of 18.0 to
19.8°C in Grand Junction, Colo.), which allowed
long maize life cycles, compared to warmer sites
(e.g., 21.5t0 24.0°C in Champaign, lIl.), or com-
pared to warm tropical sites (26.3 to 28.9°C). For
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the Illinois location, simulated yield decreased 5
to 8 percent per 2°C temperature increase. Using
this relationship, a temperature rise of 1.2°C
over the next 30 years in the Midwest may de-
crease yield by about 4 percent (Table 2.6) under
irrigated or water-sufficient management.

Lobell and Asner (2003) evaluated maize
and soybean production relative to climatic
variation in the United States, reporting a 17
percent reduction in yield for every 1°C rise
in temperature, but this response is unlikely
because the confounding effect of rainfall was

Table 2.5 Winter chill requirement, winter hardiness (minimum winter temperature),
and minimum frost-free period (growing season requirements) for selected woody peren-
nial fruit and nut crops. Not shown in this table is the fact that flowers and developing
fruit of all crops are sensitive to damage from mild to moderate frosts (e.g., 0 to -5°C),
and high temperature stress (e.g., >35°C), specific damaging temperatures varying with
crop and variety. Values are approximate and for relative comparisons only. Adapted

from Westwood (1993).

Wi inter Chill Requirement (hours)!

Minimum Minimum Frost-
Common Winter Temp Free Period

Varieties (@) (days)
Almond 100-500 -10 >80
Apple 1000-1600 400-1800 -46 to -4 <100 (+)
Blueberry 400-1200

(northern 0-200 -35to-12 <100 (+)

highbush)
Cherry 900-1200 600-1400 -29 to -1 <100 (+)
Citrus 0 -7 to 4 >280
(Clizez 25t04 >120
(European) 100-500
g:w':;ican) 400-2000 (+) 46 t0-12 <100 (*)
Peach 400-800 200-1200 -29to 4 >120
Pear 500-1500 -35to -1 >100
Pecan 600- 1400 -10 >80
Pistachio 600-1500 400-600 (Asian) -10 >80
Plum 800-1200 500-600 (Japanese) -29to 4 >140
Raspberry 800-1700 100-1800 -46 (+) <100 (+)
Strawberry 300-400 -12 <100 (+)
Walnut 400-1500 -29 >100

'Winter chilling for most fruit and nut crops occurs within a narrow temperature range of 0 to 15°C, with
maximum chill-hour accumulation at about 7.2°C. Temperatures below or above this range do not contribute
to the chilling requirement, and temperatures above 15°C may even negate previously accumulated chill.
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not considered. In a recent evaluation of global
maize production response to both temperature
and rainfall over the period 1961-2002, Lobell
and Field (2007) reported an 8.3 percent yield
reduction per 1°C rise in temperature. Runge
(1968) documented maize yield responses to the
interaction of daily maximum temperature and
rainfall during the period 25 days prior to, and
15 days after, anthesis of maize. If rainfall was
low (0-44 mm per 8 days), yield was reduced
by 1.2 to 3.2 percent per 1°C rise. Alternately, if
temperature was warm (maximum temperature
(Tmax) of 35°C), yield was reduced 9 percent
per 25.4 mm rainfall decline. The Muchow et al.
(1990) model, also used to project temperature
effects on crops, may underestimate yield re-
duction with rising temperature because it had
no temperature modification on assimilation or
respiration, and did not provide for any failures
in grain-set with rising temperature. Given the
disagreement in literature estimates and lack of
real manipulative temperature experiments on
maize, the certainty of the estimate in Table 2.6
is only possible to likely.

Yield decreases caused by elevated temperatures
are related to temperature effects on pollination
and kernel set. Temperatures above 35°C are
lethal to pollen viability (Herrero and Johnson
1980; Schoper et al. 1987; Dupuis and Dumas
1990). In addition, the critical duration of pollen
viability (prior to silk reception) is a function of
pollen moisture content, which is strongly de-
pendent on vapor pressure deficit (Fonseca and
Westgate 2005). There is limited data on sensi-
tivity of kernel set in maize to elevated tempera-
ture, although in-vitro evidence suggests that
the thermal environment during endosperm cell
division phase (eight to 10 days post-anthesis)
is critical (Jones et al. 1984). A temperature of
35°C, compared to 30°C during the endosperm
division phase, dramatically reduced subsequent
kernel growth rate (potential) and final kernel
size, even if ambient temperature returns to 30°C
(Jones et al. 1984). Temperatures above 30°C in-
creasingly impaired cell division and amyloplast
replication in maize kernels, and thus reduced
grain sink strength and yield (Commuri and
Jones 2001). Leaf photosynthesis rate of maize
has a high temperature optimum of 33°C to
38°C. There is a minimal sensitivity of light use
(quantum) efficiency to these elevated tempera-
tures (Oberhuber and Edwards 1993; Edwards

and Baker 1993); however, photosynthesis rate
is reduced above 38°C (Crafts-Brandner and
Salvucci 2002).

2.2.1.2.2.2 Soybean

Reproductive development (time to anthesis)
in soybean has cardinal temperatures that are
somewhat lower than those of maize. A base
temperature of 6°C and optimum temperature
of 26°C are commonly used (Boote et al. 1998),
having been derived, in part, from values of
2.5°C and 25.3°C developed from field data by
Grimm et al. (1993). The post-anthesis phase for
soybean has a surprisingly low optimum tem-
perature of about 23°C, and life cycle is slower
and longer if mean daily temperature is above
23°C (Pan 1996; Grimm et al. 1994). This 23°C
optimum cardinal temperature for post-anthesis
period closely matches the optimum temperature
for single seed growth rate (23.5°C), as reported
by Egli and Wardlaw (1980), and the 23°C
optimum temperature for seed size (Egli and
Wardlaw 1980; Baker et al. 1989; Pan 1996;
Thomas 2001; Boote et al. 2005). As mean
temperature increases above 23°C, seed growth
rate, seed size, and intensity of partitioning to
grain (seed harvest index) in soybean decrease
until reaching zero at 39°C mean (Pan 1996;
Thomas 2001).

The CROPGRO-soybean model, parameterized
with the Egli and Wardlaw (1980) temperature
effect on seed growth sink strength, and the
Grimm et al. (1993, 1994) temperature effect
on reproductive development, predicts highest
grain yield of soybean at 23-24°C, with progres-
sive decline in yield, seed size, and harvest index
as temperature further increases, reaching zero
yield at 39°C (Boote et al. 1997, 1998). Soybean
yield produced per day of season, when plotted
against the mean air temperature at 829 sites
of the soybean regional trials over the United
States, showed highest productivity at 22°C
(Piper et al. 1998).

Pollen viability of soybean is reduced if temper-
atures exceed 30°C (optimum temperature), but
has a long decline slope to failure at 47°C (Salem
et al. 2007). Averaged over many cultivars, the
cardinal temperatures (base temperature (Th),
optimum temperature (Topt), and Tmax) were
13.2°C, 30.2°C, and 47.2°C, respectively, for
pollen germination, and 12.1°C, 36.1°C, and
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47.0°C, respectively, for pollen tube growth.
Minor cultivar differences in cardinal tempera-
tures and tolerance of elevated temperature were
present, but differences were not very large or
meaningful. Salem et al. (2007) evaluated soy-
bean grown at 38/30°C versus 30/22°C (day/
night) temperatures. The elevated temperature
reduced pollen production by 34 percent, pol-
len germination by 56 percent, and pollen tube
elongation by 33 percent. The progressive
reduction in seed size (single seed growth rate)
above 23°C, along with reduction in fertility
(i.e., percent seed set) above 30°C, results in
reduction in seed harvest index at temperatures
above 23-27°C (Baker et al.1989; Boote et al.
2005). Zero seed harvest index occurs at 39°C
(Pan 1996; Thomas 2001; Boote et al. 2005).
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The implication of a temperature change on
soybean yield is thus strongly dependent on the
prevailing mean temperature during the post-
anthesis phase of soybean in different regions.
For the upper Midwest, where mean soybean
growing season temperatures are about 22.5°C,
soybean yield may actually increase 2.5 per-
cent with a 1.2°C rise (Table 2.6). By contrast,
soybean production in the southern United
States, where mean growing season tempera-
tures are 25°C to 27°C, soybean yield would be
progressively reduced — 3.5 percent for 1.2°C
increase from the current 26.7°C mean (Table
2.7) (Boote et al. 1996, 1997). Lobell and Field
(2007) reported a 1.3 percent decline in soybean
yield per 1°C increase in temperature, taken
from global production against global average

Table 2.6 Percent grain yield and evapotranspiration responses to increased temperature (1.2°C), increased CO,
(380 to 440 ppm), and the net effects of temperature plus increased CO, assuming additivity. Current mean air
temperature during reproductive growth is shown in parentheses for each crop/region to give starting referenc-
es, although yield of all the cereal crops declines with a temperature slope that originates below current mean
air temperatures during grain filling.

GrainYield

co,
(380 to 440
ppm) 2

Temperature
(1.2°C) !

Temp/CO,
Combined
Irrigated

Evapotranspiration
Co,
(380 to 440
ppm) 4

Temp
(1.2°C)3

% change

Corn — Midwest
(22.5°C) -4.0 +1.0 -3.0 +1.8
Corn — South 4.0 +1.0 -3.0 +1.8
(26.7°C)
Soybean — Midwest
(22'50C) +2~5 +7.4 +9.9 + I .8 -2. I
Soybean — South

- + + + -
(26.7°0) 3.5 7.4 3.9 1.8 2.1
Wheat — Plains
(19.5°C) 7 el - o o
Rice — South

- + - + -
(26.7°C) 29 o ¢ ° !
Sorghum 94 +1.0 -84 +1.8 -3.9
(full range)
Cotton — South

-5.7 +9.2 +3.5 +1.8 -1.4
(26.7°C)
Peanut — South 5.4 +6.7 +1.3 +1.8
(26.7°C)
Bean — relative to 23°C -8.6 +6.1 -25 +1.8

IResponse to temperature summarized from literature cited in the text. 2Response to CO, with Michaelis-Menten rectangular hyperbola
interpolation of literature values shown in Table 2.7. 3From Table 2.8 the sensitivity of a standard alfalfa crop to warming at constant
relative humidity on clear summer day would be 1.489% per °C, so assuming the crop ET will respond similarly with warming by 1.2°C,
the expected change in ET would be 1.8%. 4From Table 2.7 assuming linear ET response to 60 ppm increase in CO, interpolated from the
range, 350 to 700 ppm or 370 to 570 ppm for sorghum.
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temperature during July-August, weighted by
production area. These two estimates are in
agreement and likely, considering that Lobell
and Field (2007) averaged over cool and warm
production areas.

2.2.1.2.2.3 Wheat

Grain-filling period of wheat and other small
grains shortens dramatically with rising temper-
ature (Sofield et al. 1974, 1977; Chowdhury and
Wardlaw 1978; Goudrian and Unsworth 1990).
Assuming no difference in daily photosynthesis,
which can be inferred from the sink removal
studies of Sofield et al. (1974, 1977), yield will
decrease in direct proportion to the shortening
of grain filling period as temperature increases.
This temperature effect is already a major reason
for the much lower wheat yield potential in the
Midwest than in northern Europe, even with the
water limitation removed.

The optimum temperature for photosynthesis in
wheat is 20-30°C (Kobza and Edwards 1987).
This is 10°C higher than the optimum (15°C)
for grain yield and single grain growth rate
(Chowdhury and Wardlaw 1978). Any increase
in temperature beyond the 25-35°C range that
is common during grain filling of wheat will
reduce the grain filling period and, ultimately,
yields. Applying the nonlinear slope of reduc-
tion in grain filling period from Chowdury and
Wardlaw (1978), relative to the mean tem-
peratures during grain fill in the wheat growing
regions of the Great Plains, reduction in yield is
about 7 percent per 1°C increase in air tempera-
ture between 18 and 21°C, and about 4 percent
per 1°C increase in air temperature above 21°C,
not considering any reduction in photosynthesis
or grain-set. Similarly, Lawlor and Mitchell
(2000) stated that a 1°C rise would shorten the
reproductive phase by 6 percent, grain filling
duration by 5 percent, and would reduce grain
yield and harvest index proportionately. Bender
et al. (1999) analyzed spring wheat grown at
nine sites in Europe and found a 6 percent de-
crease in yield per 1°C temperature rise. Lobell
and Field (2007) reported a 5.4 percent decrease
in global mean wheat yield per 1°C increase in
temperature. Grain size will also be reduced
slightly. These four references are very much in
agreement, so the projected temperature effect
on yield in Table 2.6 is considered very likely.
Effects of rising temperature on photosynthesis

should be viewed as an additional reduction
factor on wheat yield, primarily influenced
via water deficit effects (Paulsen 1994). Tem-
peratures of 36/31°C (maximum/minimum)
for two to three days prior to anthesis causes
small unfertilized kernels with symptoms of
parthenocarpy — that is, small shrunken kernels
with notching and chalking of kernels (Tashiro
and Wardlaw 1990). Increased temperature also
reduces starch synthesis in wheat endosperm
(Caley et al. 1990).

2.21.2.24 Rice

The response of rice to temperature has been well
studied (Baker and Allen 1993a, 1993b; Baker
etal. 1995; Horie et al. 2000). Leaf-appearance
rate of rice increases with temperature from a
base of 8°C, until reaching 36-40°C, the thermal
threshold of survival (Alocilja and Ritchie 1991;
Baker et al. 1995), with biomass increasing up
to 33°C (Matsushima et al. 1964); however, the
optimum temperature for grain formation and
yield of rice is lower (25°C) (Baker et al. 1995).
Baker et al. (1995) summarized many of their
experiments from sunlit controlled-environment
chambers and concluded that the optimum mean
temperature for grain formation and grain yield
of rice is 25°C. They found that grain yield is
reduced about 10 percent per 1°C temperature
increase above 25°C, until reaching zero yield
at 35-36°C mean temperature, using a 7°C day/
night temperature differential (Baker and Allen
1993a; Peng et al. 2004).

Grain number, percent filled grains, and grain
harvest index followed nearly the same optimum
and failure curve points. Declining yield above
25°C is initially attributed to shorter grain fill-
ing duration (Chowdhury and Wardlaw 1978;
Snyder 2000), and then to progressive failure
to produce filled grains — the latter is caused by
reduced pollen viability and reduced production
of pollen (Kim et al. 1996; Matsui et al. 1997;
Prasad et al. 2006b). Pollen viability and pro-
duction begins to decline as daytime maximum
temperature exceeds 33°C, and reaches zero
at Tmax of 40°C (Kim et al. 1996). Because
flowering occurs at mid-day in rice, Tmax is
the best indicator of heat stress on spikelet
sterility. Grain size of rice tends to hold mostly
constant, declining only slowly across increas-
ing temperature, until the pollination failure
point (Baker and Allen 1993a). Rice ecotypes,
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japonica and indica, mostly do not differ in
the upper temperature threshold (Snyder 2000;
Prasad et al. 2006b), although the indica types
are more sensitive to cool temperature (night
temperature less than 19°C) (Snyder 2000).

Screening of rice genotypes and ecotypes for
heat tolerance (33.1/27.3°C versus 28.3/21.3°C
mean day/night temperatures) by Prasad et al.
(2006b) demonstrated significant genotypic
variation in heat tolerance for percent filled
grains, pollen production, pollen shed, and pol-
len viability. The most tolerant cultivar had the
smallest decreases in spikelet fertility, grain
yield and harvest index at elevated temperature.
This increment of temperature caused, for the
range of 14 cultivars, 9-86 percent reduction
in spikelet fertility, 0-93 percent reduction in
grain weight per panicle, and 16-86 percent re-
duction in harvest index. Mean air temperature
during the rice grain filling phase in summer in
the southern United States and many tropical
regions is about 26-27°C. These are above the
25°C optimum, which illustrates that elevated
temperature above current will likely reduce
U.S. and tropical region rice yield by about 10
percent per 1°C rise, or about 12 percent for a
1.2°Crise.

2.2.1.2.2.5 Sorghum

In general, the base and optimum temperatures
for vegetative development are 8°C and 34°C,
respectively (Alagarswamy and Ritchie 1991),
while the optimum temperature for reproduc-
tive development is 31°C (Prasad et al. 2006a).
Optimum temperature for sorghum vegetative
growth is between 26°C and 34°C, and for
reproductive growth 25°C and 28°C (Maiti
1996). Maximum dry matter production and
grain yield occur at 27/22°C (Downs 1972).
Grain filling duration is reduced as temperature
increases over a wide range (Chowdury and
Wardlaw 1978; Prasad et al. 2006a). Neverthe-
less, as temperature increased above 36/26°C to
40/30°C (diurnal maximum/minimum), panicle
emergence was delayed by 20 days, and no
panicles were formed at 44/34°C (Prasad et
al. 2006a). Prasad et al. (2006a) found that
grain yield, harvest index, pollen viability, and
percent seed-set were highest at 32/22°C, and
progressively reduced as temperature increased,
falling to zero at 40/30°C. Vegetative biomass
was highest at 40/30°C and photosynthesis was
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high up to 44/34°C. Seed size was reduced
above 36/26°C. Rice and sorghum have exactly
the same sensitivity of grain yield, seed harvest
index, pollen viability, and success in grain
formation (Prasad et al. 2006a). In addition,
maize, a related warm-season cereal, may have
the same temperature sensitivity. Basing the
yield response of sorghum only on shorten-
ing of filling period (Chowdury and Wardlaw
1978), yield would decline 7.8 percent per 1°C
temperature rise from 18.5-27.5°C (a 9.4 percent
yield reduction for a 1.2°C increase). However,
if site temperature is cooler than optimum for
biomass/photosynthesis (27/22°C), then yield
loss from shorter filling period would be offset
by photosynthesis increase. The response from
Chowdury and Wardlaw (1978) is supported by
the 8.4 percent decrease in global mean sorghum
yield per 1°C increase in temperature reported
for sorghum by Lobell and Field (2007); there-
fore, the reported responses are likely.

2.2.1.2.26 Cotton

Cotton is an important crop in the southern
United States, and is considered to have adapted
to high-temperature environments. Despite this
perception, reproductive processes of cotton
have been shown to be adversely affected by
elevated temperature (Reddy et al. 2000, 2005).
Being a tropical crop, cotton’s rate of leaf ap-
pearance has a relatively high base temperature
of 14°C, and a relatively high optimum tempera-
ture of 37°C, thus leaf and vegetative growth
appear to tolerate elevated temperature (Reddy
etal. 1999, 2005). On the other hand, reproduc-
tive progression (emergence to first flower) has
a temperature optimum of 28-30°C, along with
a high base temperature of about 14°C (Reddy
et al. 1997, 1999). Maximum growth rate per
boll occurred at 25-26°C, declining at higher
temperatures, while boll harvest index was high-
est at 28°C, declining at higher temperatures,
reaching zero boll harvest index at 33-34°C
(Reddy et al. 2005).

Boll size was largest at temperatures less than
20°C, declining progressively as temperature
increased. Initially there was compensation
with increased boll number set as temperature
increased up to 35/27°C day/night temperature,
but above 30°C mean temperature, percent boll
set, boll number, boll filling period, rate of boll
growth, boll size, and yield all decreased (Reddy
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etal. 2005). Instantaneous air temperature above
32°C reduces pollen viability, and temperature
above 29°C reduces pollen tube elongation
(Kakani et al. 2005), thus acting to progressively
reduce successful boll formation to the point of
zero boll yield at 40/32°C day/night (35°C mean)
temperature (Reddy et al. 1992a, 1992b). Pet-
tigrew (2008) evaluated two cotton genotypes
under a temperature regime 1°C warmer than
current temperatures and found lint yield was 10
percent lower in the warm regime. The reduced
yields were caused by a 6 percent reduction in
boll mass and 7 percent less seed in the bolls.
These failure point temperatures show that cot-
ton is more sensitive to elevated temperature
than soybean and peanut, but similar in sensitiv-
ity to rice and sorghum. There is no well-defined
cotton-yield response to temperature in the
literature, but if cotton yield is projected with
a quadratic equation from its optimum at 25°C
to its failure temperature of 35°C, then a 1.2°C
increase from 26.7°C to 27.9°C would give a
possible yield decrease of 5.7 percent.

2.2.1.2.2.7 Peanut

Peanut is another important crop in the southern
United States. The base temperature for peanut-
leaf-appearance rate and onset of anthesis are
10°C and 11°C, respectively (Ong 1986). The
optimum temperature for leaf appearance rate
is above 30°C, while the optimum for rate of
vegetative development to anthesis is 29-33°C
(Bolhuis and deGroot 1959). Leaf photosyn-
thesis has a fairly high optimum temperature
of about 36°C. Cox (1979) observed that 24°C
was the optimum temperature for single pod
growth rate and pod size, with slower growth
rate and smaller pod size occurring at higher
temperatures. Williams et al. (1975) evaluated
temperature effects on peanut by varying eleva-
tion, and found that peanut yield was highest
at a mean temperature of 20°C (27/15°C max/
min), a temperature that contributed to a long
life cycle and long reproductive period. Prasad et
al. (2003) conducted studies in sunlit controlled
environment chambers, and reported that the
optimum mean temperature for pod yield, seed
yield, pod harvest index, and seed size occurred
at a temperature lower than 26°C; quadratic
projections to peak and minimum suggest that
the optimum temperature was 23-24°C, with a
failure point temperature of 40°C for zero yield
and zero harvest index.

Pollen viability and percent seed-set in that
study began to fail at about 31°C, reaching zero
at about 39-40°C (44/34°C treatment) (Prasad et
al. 2003). For each individual flower, the period
sensitive to elevated temperature starts six days
prior to opening of a given flower and ends one
day after, with greatest sensitivity on the day
of flower opening (Prasad et al. 1999; Prasad
et al. 2001). Percent fruit-set is first reduced at
bud temperature of 33°C, declining linearly to
zero fruit-set at 43°C bud temperature (Prasad
et al. 2001).

Genotypic differences in heat-tolerance of
peanut (pollen viability) have been reported
(Craufurd et al. 2003). As air temperature in
the southern United States already averages
26.7°C during the peanut growing season, any
temperature increase will reduce seed yields
(4.5 percent per 1°C, or 5.4 percent for a 1.2°C
rise in range of 26-28°C) using the relationship
of Prasad et al. (2003). At higher temperatures,
27.5-31°C, peanut yield declines more rapidly
(6.9 percent per 1°C) based on unpublished data
of Boote. A recent trend in peanut production
has been the move of production from south
Texas to west Texas, a cooler location with
higher yield potential.

2.2.1.2.2.8 Dry Bean and Cowpea

Dry bean is typical of many vegetable crops
and is grown in relatively cool regions of the
United States. Prasad et al. (2002) found that
red kidney bean, a large-seeded ecotype of dry
bean, is quite sensitive to elevated temperature,
having highest seed yield at 28/18°C (23°C
mean) or lower (lower temperatures were not
tested), with linear decline to zero yield as
temperature increased to 37/27°C (32°C mean).
In that study, pollen production per flower was
reduced above 31/21°C, pollen viability was
dramatically reduced above 34/24°C, and seed
size was decreased above 31/21°C. Laing et al.
(1984) found highest bean yield at 24°C, with a
steep decline at higher temperatures. Gross and
Kigel (1994) reported reduced fruit-set when
flower buds were exposed to 32/27°C during the
six to 12 days prior to anthesis and at anthesis,
caused by non-viable pollen, failure of anther
dehiscence, and reduced pollen tube growth.
Heat-induced decreases in seed and fruit set in
cowpea have been associated with formation of
non-viable pollen (Hall 1992). Hall (1992) also

33




The U.S. Climate Change Science Program

34

reported genetic differences in heat tolerance
of cowpea lines. Screening for temperature-
tolerance within bean cultivars has not been done
explicitly, but the Mesoamerican lines are more
tolerant of warm tropical locations than are the
Andean lines, which include the red kidney bean
type (Sexton et al. 1994). Taking the initial slope
of decline from data of Prasad et al. (2002), bean
yield will likely decrease 7.2 percent per 1°C
temperature rise, or 8.6 percent for 1.2°C above
23°C (Table 2.6).

221229 Tomato

Tomato is an important vegetable crop known
to suffer heat stress in mid-summer in south-
ern U.S. locations. The base and optimum
temperature is 7° and 22°C for rate of leaf ap-
pearance, rate of truss appearance, and rate of
progress to anthesis (Adams et al. 2001). Leaf
photosynthesis of tomato has a base at 6-8°C
(Duchowski and Brazaityte 2001), while its
optimum is about 30°C (Bunce 2000). The rate
of fruit development and maturation has a base
temperature of 5.7°C and optimum of 26°C, and
rate of individual fruit growth has its optimum at
22-25°C (Adams et al. 2001). Largest fruit size
occurs at 17-18°C, and declines at progressively
higher temperature (Adams et al. 2001; De
Koning 1996). Rate of fruit addition (fruit-set,
from pollination) has an optimum at or lower
than 26°C and progressively fails as tempera-
ture reaches 32°C (Adams et al. 2001). Peat et
al. (1998) observed that the number of fruits
per plant (or percent fruit-set) at 32/26°C day/
night (29°C mean) was only 10 percent of that
at 28/22°C (25°C mean). The projected failure
temperature was about 30°C. Sato et al. (2000)
found that only one of five cultivars of tomato
successfully set any fruit at chronic exposures
to 32/26°C, although fruit-set recovered if the
stressful temperature was relieved.

Sato et al. (2000) also noted that pollen release
and pollen germination were critical factors af-
fected by heat stress. The anticipated tempera-
ture effect on tomato production will depend on
the region of production and time of sowing (in
the southern United States); however, at optima
of 22°C for leaf/truss development, 22-26°C
for fruit addition, 22-25°C for fruit growth, and
fruit-set failures above 26°C, temperatures ex-
ceeding 25°C will likely reduce tomato produc-
tion. Depending on region of production, tomato
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yield is projected to decrease 12.6 percent for
1.2°C rise above 25°C, assuming a non-linear
yield response and assuming optimum tempera-
ture and failure temperatures for yield of 23.5°C
and 30°C, respectively.

2.2.1.3 CROP RESPONSES TO CO,

2.2.1.3.1 Overview of Individual Crop
Responses to CO,

Reviews of the early enclosure CO, studies in-
dicate a 33 percent increase in average yield for
many C; crops under a doubling CO, scenario
(Kimball 1983) at a time when doubling meant
increase from 330 to 660 parts per million (ppm)
CO,. The general phenomenon was expressed as
increased numbers of tillers-branches, panicles-
pods, and numbers of seeds, with minimal effect
on seed size. The C, species response to dou-
bling of CO, was reported by Kimball (1983) to
be 10 percent. High temperature stress during
reproductive development can negate CO,’s
beneficial effects on yield, even though total
biomass accumulation maintains a CO, benefit
(e.g., for Phaseolus bean, Jifon and Wolfe 2000).
Unrestricted root growth, optimum fertility,
and excellent control of weeds, insects, and
disease are also required to maximize CO,
benefits (Wolfe 1994). Most C; weeds benefit
more than C; crop species from elevated CO,
(Ziska 2003).

In recent years, new field “free-air CO, enrich-
ment” (FACE) technology has allowed evalu-
ation of a few select crops to better understand
their response under field conditions without
enclosure-confounding effects. Generally, the
FACE results corroborate previous enclosure
studies (Ziska and Bunce 2007), although
some FACE results suggest yield responses
are less than previously reported (Long et al.
2006). Although the continuously increasing
“ambient” reference concentration is a cause for
lesser response, the smaller increment of CO,
enrichment requires even better replication and
sampling in FACE to evaluate the response.
Enclosures are not the only concern; single-
spaced plants, or unbordered plants may respond
too much, and potted plants that are root bound
may not respond well. Additional research, data
analysis, and evaluation of a broader range of
crops using FACE techniques will be required
to sort discrepancies where they exist.
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Table 2.7 Percent response of leaf photosynthesis, total biomass, grain yield, stomatal conductance, and canopy
temperature or evapotranspiration, to a doubling in CO, concentration (usually 350 to 700 ppm, but sometimes
330 to 660 ppm). *Responses to increase from ambient to 550 or 570 ppm (FACE) are separately noted.

Leaf Stomatal Canopy
Crop Photosynthesis Total Biomass GrainYield Conductance TET
% change

Corn 3 41,234 412 -345
Soybean 396 376 386, 347 -40¢ -98,-129.10¢
Wheat 350 15-2712 31 -33 to 4314 -815.16*
Rice 3617 3017 30!7,18 -1019.27
Sorghum 920,21* 322% 820, 022* -3721% - 323*
Cotton 3324 3624 4424 -3624 -825
Peanut 2726 3626 3026
Bean 5026 3026 272

References: ILeakey et al. (2006)*; 2King and Greer (1986); 3Ziska and Bunce (1997); 4Maroco et al. (1999); SLeakey et al. (2006)%;
6Ainsworth et al. (2002); 7Allen and Boote (2000); 8Allen et al. (2003); %Jones et al. (1985); !0Bernacchi et al. (2007)*; !Long (1991);
12Lawlor and Mitchell (2000); 3Amthor (2001); 4Wall et al. (2006)*; '5Andre and duCloux (1993); '6Kimball et al. (1999)*; '7Horie et al.
(2000); '8Baker and Allen (1993a); !9Baker et al. (1997a); 20Prasad et al. (2006a); 2!Wall et al. (2001); 220ttman et al. (2001)*; 23Triggs
et al. (2004)*; 24K.R. Reddy et al. (1995,1997); 25Reddy et al. (2000); 26Prasad et al. (2003); 27Yoshimoto et al. (2005).

Effects of doubling of CO, on leaf photosynthe-
sis, total biomass, grain or fruit yield, conduc-
tance, and canopy temperature or evapotrans-
piration (ET) of important non-water-stressed
crops are shown in Table 2.7. (In addition to
the specific references cited below, Kimball
et al. (2002) provide CO, responses of several
more crop and soil parameters for a variety of
species.)

Maize, being a C, species, is less responsive to
increased atmospheric CO,. Single leaf photo-
synthesis of maize shows no effect of CO, on
quantum efficiency, but there is a minor increase
in leaf rate at light saturation (3 percent for 376
to 542 ppm; Leakey et al. 2006). There is a pau-
city of data for maize grown to maturity under
elevated CO, conditions. Until 2006, there was
only one data set for maize grown to maturity
under CO, treatments: King and Greer (1986)
observed 6.2 percent and 2.6 percent responses
to increasing CO, from 355 to 625 and 875 ppm,
respectively, in a 111-day study. The mean of
the two levels gives about 4.4 percent increase
to doubling or more of CO,.

Leakey et al. (2006) conducted a full-season
FACE study of maize grown to maturity, and

reported no significant response of maize to
a 50 percent increase in CO, (376 to 542 ppm
(target: 370 to 550 ppm)). However, they used
a very small biomass sample size in their FACE
study (four random plant samples per replicate).
This small sample size coupled with the small
increment of CO, increase raises concern about
whether these experimental measurements were
sufficient to detect a statistically significant
response. Ziska and Bunce (1997) reported
a 2.9 percent increase in biomass when CO,
was increased from 371 to 674 ppm during a
33-day, glasshouse study. Maroco et al. (1999)
reported a 19.4 percent biomass increase when
CO, was increased from 350 to 1,100 ppm dur-
ing a 30-day growth period at very high light
(supplemented above outdoor ambient) for a
short duration on young plants. Thus, 4 percent
increases in both biomass and grain yield of
maize are possible, with increase in CO, from
350 to 700 ppm. This is less than the simulated
10 percent increase for C, species to incremental
CO; increases (330 to 660 ppm) as parameter-
ized in the CERES-Maize (Crop Environment
Resource Synthesis) or EPIC (Environmental
Policy Integrated Climate) models based on
sparse data (Tubiello et al. 2007).
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In summary, the evidence for maize response
to CO, is sparse and questionable, resulting in
only a possible degree of certainty. The expected
increment of CO, increase over the next 30 years
is anticipated to have a negligible effect (i.e., 1
percent) on maize production, unless there is
a water-savings effect in drought years (Table
2.6). Sorghum, another important C, crop, gave
9, 34, and 8 percent increases in leaf photosyn-
thesis, biomass, and grain yield, respectively,
with doubling of CO, when grown in 1-by-2-
meter, sunlit controlled-environment chambers
(Prasad et al. 2005a). Over an entire season, with
a CO, increase from 368 to 561 ppm, sorghum
grown as part of a FACE study in Arizona gave
3 and 15 percent increases in biomass, and -4
percent and +20 percent change in grain yield,
under irrigated versus water-limited conditions,
respectively (Ottman et al. 2001).

Evapotranspiration
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Soybean is a C3 legume that is quite responsive
to CO,. Based on the metadata summarized
by Ainsworth et al. (2002), soybean response
to a doubling of CO, is about 39 percent for
light-saturated leaf photosynthesis, 37 percent
for biomass accumulation, and 38 percent for
grain yield. (These values are only from soybean
raised in large, >1-square-meter crop stands
grown in soil because yield response to CO, pot-
ted plants was shown to be affected by pot size).
Allen and Boote (2000) reported a response of
34 percent in sunlit controlled-environment
chambers to increases in CO, from 330 to 660
ppm. Ainsworth et al. (2002) found that under
similar conditions, leaf conductance was reduced
by 40 percent, which is consistent with other C
and C, species (Morison 1987), and seed harvest
index was reduced by 9 percent. The C5 photo-
synthetic response to CO, enrichment is well

documented, and generally

easy to predict using either

the Farquhar and von Cam-

: : . I T
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® Ample N, Low H,O

HlH Wheat (C5 grass)
[ | Rice (C3 grass)
[ | Sorghum (C4 grass)
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! .I Cotton (woody)
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l—I—-—l : Potato (C3 forb)

o AllC3 + Cy

; because plants use all water available

g ' | ] |

[
H Ample N, Ample H,O

when water limiting over seasonal time frame, little change in ET

I merer (1982) equations, or
simplifications based on
those equations. The CROP-
GRO-soybean model (Boote
et al. 1998), parameterized
with Farquhar kinetics equa-
tions (Boote and Pickering
1994; Alagarswamy et al.
2006), was used to simulate
soybean yield to CO, rises
from 350 to 700 ppm. The
CROPGRO-soybean model
predicted 29-41 percent in-
crease in biomass, and 29 to
34 percent increase in grain
yield (Boote et al. 1997),
values that are comparable
to metadata summarized by
Ainsworth et al. (2002) and
Allen and Boote (2000).

-40 -20 0 20

Relative Changes Due to Elevated [CO5] (%)

Figure 2.5 Relative changes in evapotranspiration due to elevated CO, concentrations in FACE
experiments at about 550 ppm. [Wheat and cotton data from Table 2 of Kimball et al. (2002);
rice datum from Yoshimoto et al. (2005); sorghum datum from Triggs et al. (2004); poplar datum
from Tommasi et al. (2002); sweetgum from Wullschleger and Norby (2001);

from Bernacchi et al. (2007); and potato datum from Magliulo et al. (2003)].

Crop models can be used to
project yield responses to
CO, increase from past to
present and future levels.
Simulations by Boote et al.
(2003) suggested that soy-
bean yield in lowa would
have increased 9.1 percent
between 1958 and 2000,
during which time the CO,
increased from 315 to 370

40

soybean datum
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ppm; thus some of the past yield trend of soy-
bean was associated with global change rather
than technological innovation.

Using the same type of Michaelis-Menten
rectangular hyperbola projection for soybean
as used for all other crops, a CO, increase from
380 to 440 ppm is projected to increase yield by
7.4 percent (Table 2.7) in the dominant soybean-
growing regions in the Midwest. For this region,
expected temperatures are so close to the opti-
mum for soybean yield, and the temperature
increment so small (1.2°C) that the net effect of
climate change on soybean yield is dominated
by the CO, increment. To the extent that water-
use efficiency increases with CO, enrichment
and conserves soil water, yield response for
rainfed regions will be enhanced by a net 0.9
percent increase in ET.

Other C; field crop species exhibit similar
responses to increasing CO,. For wheat, a cool-
season cereal, doubling of CO, (350 to 700 ppm)
increased light-saturated leaf photosynthesis by
30-40 percent (Long 1991), and grain yield by
about 31 percent, averaged over many data sets
(Amthor 2001). For rice, doubling CO, (330 to
660 ppm) increased canopy assimilation, bio-
mass, and grain yield by about 36, 30, and 30
percent, respectively (Horie et al. 2000). Baker
and Allen (1993a) reported a 31 percent increase
in grain yield, averaged over five experiments,
with increase of CO, from 330 to 660 ppm. Rice
shows photosynthetic acclimation associated
with decline in leaf nitrogen (N) concentration,
and a 6-22 percent reduction in leaf rubisco
content per unit leaf area (Vu et al. 1998).

For peanut, a warm-season grain legume, dou-
bling CO, increased light-saturated leaf photo-
synthesis, total biomass and pod yield of peanut
by 27, 36, and 30 percent, respectively (Prasad
et al. 2003). Doubling CO, (350 to 700 ppm)
increased light-saturated leaf photosynthesis,
biomass, and seed yield of dry bean by 50, 30,
and 27 percent (Prasad et al. 2002).

For cotton, a warm-season non-legume, doubling
CO, (350 to 700 ppm) increased light-saturated
leaf photosynthesis, total biomass, and boll yield
by 33 percent, 36 percent, and 44 percent (K.
R. Reddy et al. 1995, 1997), respectively, and
decreased stomatal conductance by 36 percent

(V. R. Reddy et al. 1995). Under well-watered
conditions, leaf and canopy photosynthesis of
cotton increased about 27 percent with CO,
enrichment, to 550 ppm CO, in a FACE experi-
ment in Arizona (Hileman et al. 1994). Mauney
et al. (1994) reported 37 percent and 40 percent
increases in biomass and boll yield of cotton
with CO, enrichment to 550 ppm. Even larger
increases in yield and biomass of cotton were
obtained under the same enrichment for cotton
under water-deficit situations (Kimball and
Mauney 1993). An important consideration
relative to cotton responses in Arizona is that
the large vapor pressure deficit may have given
more benefit to elevated CO, via water conser-
vation effects. So, the degree of responsiveness
in arid region studies may differ from that in
humid regions. There were no reported effects
of doubled CO, on vegetative or reproductive
growth stage progression in cotton (Reddy et
al. 2005), soybean (Allen and Boote 2000; Pan
1996), dry bean (Prasad et al. 2002), and peanut
(Prasad et al. 2003).

The certainty level of biomass and yield re-
sponse of these C5 crops to CO, is likely to very
likely, given the large number of experiments
and the general agreement in response across
the different C; crops.

2.2.1.3.2 Effects of CO, Increase in
Combination with Temperature
Increase

There could be beneficial interaction of
CO, enrichment and temperature on dry
matter production (greater response to CO,
as temperature rises) for the vegetative phase
of non-competitive plants, as highlighted by
Idso et al. (1987). This effect may be beneficial
to production of radish (Raphanus sativus),
lettuce (Lactuca sativa), or spinach (Spinacea
olervicea), mainly because any factor that
speeds leaf area growth (whether CO, or
temperature) speeds the exponential phase of
early growth. However, this “beta” factor effect
does not appear to apply to closed canopies or
to reproductive grain yield processes.

There are no reported beneficial interactions in
grain yield caused by the combined effects of
CO, and temperature increase for rice (Baker
and Allen 1993a, 1993b; Baker et al. 1995; Sny-
der 2000), wheat (Mitchell et al. 1993), soybean
(Baker et al. 1989; Pan 1994), dry bean (Prasad

In recent years, new
field “free-air CO,
enrichment” (FACE)
technology has
allowed evaluation of
a few select crops to
better understand
their response under
field conditions
without enclosure-
confounding effects.
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et al. 2002), peanut (Prasad et al. 2003), or sor-
ghum (Prasad et al. 2005a). In other words, the
separate main effects of CO, and temperature
were present, but yield response to CO, was not
enhanced as temperature increased. By contrast,
there are three reported negative effects caused
by elevated CO, and temperature in terms of
fertility. Elevated CO, causes greater sensitiv-
ity of fertility to temperature in rice (Kim et al.
1996; Matsui et al. 1997), sorghum (Prasad et
al. 2006a), and dry bean (Prasad et al. 2002).
For rice, the relative enhancement in grain yield
with doubled CO, decreases, and actually goes
negative as Tmax increases in the range 32-40°C
(Kim et al. 1996). Likewise, the relative CO,
enhancement of grain yield of soybean (Baker
et al. 1989) lessened as temperature increased
from optimum to super-optimum. In the case
of rice, sorghum, and dry bean, failure point
temperature (i.e., the point at which reproduc-
tion fails) is about 1-2°C lower at elevated
CO, than at ambient CO,. This likely occurs
because elevated CO, causes warming of the
foliage (doubled CO, canopies of dry bean were
1.5°C warmer) (Prasad et al. 2002); doubled
CO, canopies of soybean were 1-2°C warmer
(Allen et al. 2003); doubled CO, canopies of
sorghum averaged 2°C warmer during daytime
period (Prasad et al. 2006a). The higher canopy
temperature of rice, sorghum, and dry bean ad-
versely affected fertility and grain-set. Increases
in canopy temperature for wheat, rice, sorghum,
cotton, poplar, potato, and soybean have been
reported in FACE experiments (Kimball and
Bernacchi 2006).

In cotton, there was progressively greater pho-
tosynthesis and vegetative growth response to
CO, as temperature increased up to 34°C (Reddy
1995), but this response did not carry over to
reproductive growth (Reddy et al. 1995). The
reproductive enhancement from doubled CO,
was largest (45 percent) at the 27°C optimum
temperature for boll yield, and there was no
beneficial interaction of increased CO, on repro-
ductive growth at elevated temperature, reaching
zero boll yield at 35°C (Reddy et al. 1995).

Mitchell et al. (1993) conducted field studies of
wheat grown at ambient and +4°C temperature
differential, and at elevated versus ambient CO,
in England. While interactions of CO, and tem-
perature did not affect yield, higher temperatures
reduced grain yield at both CO, levels such that
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yields were significantly greater at ambient CO,
and ambient temperature compared to elevated
CO, and high temperature. Batts et al. (1997)
similarly reported no beneficial interactions of
CO, and temperature on wheat yield.

In studies with bean (Jifon and Wolfe 2005)
and potato (Peet and Wolfe 2000), there were
no significant beneficial effects of CO, on yield
in high temperature treatments that negatively
affected reproductive development, although
the beneficial effects on vegetative biomass
were maintained. These results suggest that in
those regions and for those crops where climate
change impairs crop reproductive development
because of an increase in the frequency of high
temperature stress events, the potential benefi-
cial effects of elevated CO, on yield may not
be fully realized.

For peanut, there was no interaction of elevated
temperature with CO, increase, as the extent of
temperature-induced decrease in pollination,
seed-set, pod yield, seed yield, and seed harvest
index was the same at ambient and elevated CO,
levels (Prasad et al. 2003). For dry bean, Prasad
et al. (2002) found no beneficial interaction of
elevated temperature with CO, increase, as the
temperature-induced decrease in pollination,
seed-set, pod yield, seed yield, and seed harvest
index were the same or even greater at elevated
than at ambient CO, levels. The temperature-
sensitivity of fertility (grain-set) and yield for
sorghum was significantly greater at elevated
CO, than at ambient CO, (Prasad et al. 2006a),
thus showing a negative interaction with tem-
perature associated with fertility and grain-set,
but not photosynthesis.

2.2.1.3.3 Interactions of Elevated CO,
with Nitrogen Fertility

For non-legumes like rice, there is clear evi-
dence of an interaction of CO, enrichment with
nitrogen (N) fertility regime. For japonica rice,
Nakagawa et al. (1994) reported 17, 26, and 30
percent responses of biomass to CO, enrich-
ment, at N applications of 40, 120, and 200 kg N
ha-1, respectively. For indicarice, 0, 29, and 39
percent responses of biomass to CO, enrichment
were reported at N applications of 0, 90, and
200 kg N per hectare, respectively (Ziska et al.
1996). For C, bahiagrass (Paspalum notatum),
Newman et al. (2006) observed no biomass
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Table 2.8 Sensitivity of evapotranspiration (ET; percent change in ET per °C change in
temperature or percent change in ET per percent change in variable other than tempera-
ture) to changes in weather and plant variables as calculated by Kimball (2007) from the
ASCE standardized hourly reference equation for alfalfa (Allen et al. 2005). The weather
data were from the AZMET network (Brown 1987) for Maricopa, AZ, on a clear sum-
mer day (21 June 2000), and for the whole 2000 year. Calculations were made hourly then
summed for the clear summer day and whole year.

Weather or Plant Variable

ET Sensitivity (°C or % change)

Summer Day Whole Year

T, air temperature with absolute humidity constant, EC 2.394 3.435
T, air temperature with relative humidity constant, EC 1.489 2.052
R, solar radiation, % 0.585 0.399
e,, absolute vapor pressure, % -0.160 -0.223
u, wind speed, % 0.293 0.381
g, surface or canopy conductance, % 0.085 0.160
LAl leaf area index, % 0.085 0.160

response to doubled CO, at low N fertilization
rate, but observed 7-17 percent increases with
doubled CO, when fertilized with 320 kg N per
hectare. Biomass production in that study was
determined over four harvests in each of two
years (the 7 percent response in year one was
non-significant, but 17 percent response in year
two was significant).

2.2.1.3.4 Effects of CO, Increase on

Water Use and Water Use

Efficiency
2.2.1.3.4.1 Changes in Crop Water Use due
to Increasing Temperature, CO,, and O;
Water use (i.e., ET) of crop plants is a physical
process but is mediated by crop physiological
and morphological characteristics (e.g., Kimball
2007). It can be described by the Penman-
Monteith equation, whose form was recently
standardized (Allen et al. 2005) (Table 2.8). The
equation reveals several mechanisms by which
the climate change parameters — temperature,
CO2, and O3 - can affect water use. These in-
clude: (2) direct effects on crop growth and leaf
area, (2) alterations in leaf stomatal aperture
and consequently their conductance for water
vapor loss, and (3) physical changes in the vapor
pressure inside leaves.

When plants are young and widely spaced,
increases in leaf area are approximately propor-

tional to the increases in growth, and transpira-
tion increases accordingly. More importantly,
duration of leaf area will affect total seasonal
crop water requirements. Thus, the lengthening
of growing seasons due to global warming likely
will increase crop water requirements. On the
other hand, for some determinate cereal crops,
increasing temperature can hasten plant matu-
rity, thereby shortening the leaf area duration
with the possibility of reducing the total season
water requirement for such crops.

Elevated CO, causes partial stomatal closure,
which decreases conductance, and reduces loss
of water vapor from leaves to the atmosphere.
Reviews of the effects of elevated CO, on sto-
matal conductance from chamber-based stud-
ies have reported that, on average, a doubling
of CO, (from about 340 to 680 ppm) reduces
stomatal conductance about 34 percent (e.g.,
Kimball and Idso 1983). Morison (1987) calcu-
lated an average reduction of about 40 percent,
with no difference between C5 and C, species.
More recently, Wand et al. (1999) performed
a meta-analysis on observations reported for
wild C; and C, grass species, and found that
with no stresses, elevated CO, reduced stomatal
conductance by 39 and 29 percent for C;and C,
species, respectively. The stomatal conductance
of woody plants appears to decrease less than
that of herbaceous plants in elevated CO,, as
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a CO, concentration of about
440 ppm suggests increases
in C; plant growth only on the

Figure 2.6 Differences in evapotranspiration rate (latent energy, W m-2)
between soybean plots enriched to 550 ppm from free-air CO, enrichment
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(FACE) and plots at today’s ambient CO, levels at Urbana, IL, versus day of
year (circles, left axis). Corresponding precipitation is also shown (squares,
right axis). Adapted from Bernacchi et al. 2007.

order of 10 percent. Therefore,
because changes in growth

indicated by an 11 percent reduction in the
meta-analysis of woody plant data by Curtis and
Wang (1998). Ainsworth et al. (2002) found an
average reduction of about 40 percent in con-
ductance of soybean for a wide range of CO,
concentrations, with the reduction for a dou-
bling being about 30 percent. Meta-analysis by
Ainsworth and Long (2005) and Ainsworth and
Rogers (2007) of data generated by free-air CO,
enrichment experiments, for which the daytime
concentrations were 550-600 ppm, versus ambi-
ent concentrations of about 360 ppm, produced
an average reduction in stomatal conductance
of 20 and 22 percent, respectively. They did
not detect any significant difference between
C; and C, species. Projecting out 30 years, the
atmospheric CO, concentration likely will be
about 440 ppm (see Introduction). Interpolating
from these reviews, it appears very likely that
an increase in CO, concentration from 380 to
440 ppm will cause reductions in stomatal con-
ductance on the order of 10 percent compared
to today’s values.

However, as plants shift from vegetative to
reproductive growth during their life cycles, pro-
portionately more of the accumulating biomass
is partitioned to other organs, such as develop-
ing grain. At this point, leaf area and biomass

affect ET mostly while plants

are small (i.e., after planting),
and progressively less after canopy closure,
changes in ET rates over the next 30 years due
to leaf area index effects are likely to be minor
(Figure 2.5).

Elevated CO, concentrations — approximately
550 ppm or about 180 ppm above ambient — in
FACE experiments have reduced water use in
experimental plots by about 2-13 percent, de-
pending on species (Figure 2.6). Interpolating
linearly to 440 ppm of CO,, the corresponding
reductions likely would be about one-third
of those observed in the FACE experiments
(i.e., 1-4 percent). Because there are fetch
considerations in extrapolating FACE plot data
to larger areas (see discussion in Triggs et al.
2004), reductions in crop water requirements
due to elevated CO, likely will be significant,
but smaller yet.

Less research has been done on the effects of el-
evated O on stomatal conductance compared to
elevated CO,, but some pertinent work has been
published. Barnes et al. (1995) and Balaguer
et al. (1995) measured stomatal conductance
of wheat exposed to elevated CO, (700 ppm),
elevated O (about 75 ppb), and combined
elevated CO, plus O5 in controlled environ-
ment chambers. The ozone treatment reduced
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conductance by about 20 percent, while both
CO, and CO,+05 reduced conductance by 40
percent. Wheat was exposed by Donnelly et al.
(2000) to elevated CO, (680 ppm) and O3 (50
or 90 ppb) and CO,+05 in open-top chambers,
and they found that all three treatments produced
reductions in stomatal conductance of approxi-
mately 50 percent, with relative order changing
with days after sowing and year. Using open-top
chambers with potato, both Lawson et al. (2002)
and Finnan et al. (2002) report 50 percent reduc-
tion of stomatal conductance with elevated CO,
(680 ppm) and a similar amount in combination
with elevated O, but their results are variable
and mutually inconsistent among treatments.
In a FACE project that included both CO, and
O4 treatments, Noormets et al. (2001) measured
stomatal conductance of aspen leaves. Results
varied with leaf age and aspen clone, but gener-
ally it appears that conductance had the follow-
ing treatment rank: Control>03>CO,+03>CO..
Morgan et al. (2003) performed a meta-analysis
of 53 prior chamber studies in which O3 was
elevated by 70 ppm above clean air, and found
that stomatal conductance was reduced by 17
percent on average. However, in a recent FACE
soybean experiment in which O; was elevated
by 50 percent above ambient conditions, Ber-
nacchi et al. (2007) detected no significant
effect of O3 on stomatal conductance. Thus,
while chamber studies comparing the effects
of O3 on stomatal conductance showed that
reductions can occur, in the case of field-grown
plants exposed to present-day ambient levels of
04 that are considerably above zero, the effects
on conductance of the additional increases in
O; levels that are likely to occur in the next 30
years are likely to be rather small.

Water vapor pressure (e) inside leaves is tightly
coupled to leaf temperature (T) and increases
exponentially (e.g., as described by the Teten’s
equation, e=0.61078%exp(17.269*T/(T+237.3)).
Therefore, anything that affects the energy bal-
ance and temperature of a crop’s leaf canopy
will affect leaf water vapor pressure, and ulti-
mately water consumption. Consequently, so
long as there are no significant concomitant
compensatory changes in other factors such as
humidity, it is virtually certain that air tempera-
ture increases will also increase crop canopy
temperature, leaf water vapor pressure, and ET
(Figure 2.5). Based on the sensitivity analysis

of Kimball (2007; Table 2.8), an increase of
about 1.2°C with constant relative humidity,
such as expected in 30 years (see Introduction),
is likely to cause a small increase of about
1.8% in summer-day ET of a standard alfalfa
reference crop if CO, concentrations were to
remain at today’s level. As already dicussed,
CO, concentrations of about 440 ppm are likely
to cause small decreases in ET, so therefore, the
net effect of increased temperature plus CO,
likely will result in insignificant changes in ET
within the next 30 years.

Another aspect to consider is the dynamics of
crop water use and the timing of rain/irrigation
events. The latent energy associated with ET
from soybean was 10 to 60 W/m2 less in the
FACE plots compared to the control plots at
ambient CO, when the crop had ample water
(Figure 2.6).

However, on about Day-of-Year (DOY) 233, the
control plots had exhausted the water supply,
and their water use declined (Bernacchi et al.
2006) (Figure 2.6). In contrast, the water conser-
vation in the elevated-CO, plots enabled plants
to keep their stomata open and transpiring, and
for DOYs 237-239, the FACE plots transpired
more water than the controls. During this latter
period, the FACE plants had their stomata open,
while those of the control plots were closed. As
a result, the FACE plots were able to continue
photosynthesizing and growing while the con-
trols were not. In other words, elevated concen-
trations of CO, can enable some conservation of
soil water for rain-fed agriculture, which often
experiences periods of drought, and can sustain
crop productivity over more days than is true at
today’s CO, levels.

The net irrigation requirement is the difference
between seasonal ET for a well-watered crop
and the amounts of precipitation and soil water
storage available during a growing season. A
few researchers have attempted to estimate
future changes in irrigation water requirements
based on projected climate changes (including
rainfall changes) from general circulation mod-
els (GCMs), and estimates of decreased stomatal
conductance due to elevated CO, (e.g., Allen
et al. 1991; lzaurralde et al. 2003). lzaurralde
et al. (2003) used EPIC, a crop growth model,
to calculate growth and yield, as well as future
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irrigation requirements of corn and alfalfa.
Following Stockle et al. (1992a, b), EPIC was
modified to allow stomatal conductance to be
reduced with increased CO, concentration (28
percent reduction corresponding to 560 pmol
CO, mol-1), as well as increasing photosynthe-
sis via improved radiation use efficiency. For
climate change projections, they used scenarios
generated for 2030 by the Hadley Centre’s (Had-
CM2J) GCM, which was selected because its
climate sensitivity is in the midrange of most
of the GCMs. For corn, lzaurralde et al. (2003)
calculated that by 2030 irrigation requirements
will change from -1 (Lower Colorado Basin) to
+451 percent (Lower Mississippi Basin), because
of rainfall variation. Given the variation in the
sizes and baseline irrigation requirements of U.S.
basins, a representative figure for the overall U.S.
increase in irrigation requirements is 64 percent
if stomatal effects are ignored, or 35 percent
if they are included. Similar calculations were
made for alfalfa, for which overall irrigation
requirements are predicted to increase 50 and
29 percent in the next 30 years in the cases of
ignoring and including stomatal effects, respec-
tively. These increases are more likely due to the
decrease in rainfall during the growing season
and the reduction in soil water availability.

2.2.1.3.4.2 Implications for Irrigation and
Water Deficit

As mentioned above, stomatal conductance is
reduced about 40 percent for doubling of CO,
for both C; and C, species (Morison 1987),
thus causing water conservation effects, and
potentially less water deficit. However, actual
reduction in crop transpiration and ET will not
be as great as the reduction in stomatal conduc-
tance because warming of the foliage to solve
the energy balance will increase both latent heat
loss (transpiration) and sensible heat loss. Al-
len et al. (2003) concluded that both increased
foliage temperature, and increased LAl associ-
ated with CO, enrichment were responsible
for the compensatory effects on ET (small to
non-existent reductions). Jones et al. (1985)
reported 12 percent reduction in season-long
transpiration and 51 percent increase in water
use efficiency (WUE) measured for canopies
of soybean crops grown in ambient and doubled
CO, in sunlit, controlled environment chambers.
In experimental studies in the same chambers,
foliage temperatures measured by infrared
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sensors have typically been increased 1-2°C
for soybean, 1.5°C for dry bean, and 2°C for
sorghum in response to doubled CO, (Pan
1996; Prasad et al. 2002; Prasad et al. 2006a).
Similarly, in FACE experiments at about 550
ppm CO, foliage temperatures increased by an
average 0.6°C for wheat (Kimball et al. 2002),
0.4°C for rice (Yoshimoto et al. 2005), 1.7°C for
sorghum (Triggs et al. 2004), 0.8°C for cotton
(Kimball et al. 2002), 0.8°C for potato (Magliuo
et al. 2003), and 0.2 to 0.5°C for soybean (Ber-
nacchi et al. 2007).

Allen etal. (2003) reported that soybean foliage
at doubled CO, was, on average, 1.3°C warmer
at mid-day. Andre and du Cloux (1993) reported
an 8 percent decrease in transpiration of wheat in
response to doubled CO,, which compares well
to a5 percent reduction in ET of wheat for a 200
ppm CO, increase in FACE studies (Hunsaker
et al. 1997; Kimball et al. 1999) (Figure 2.5).
Reddy et al. (2000), using similar chambers,
found an 8 percent reduction in transpiration of
cotton canopies at doubled CO,, averaged over
five temperature treatments, while Kimball et al.
(1983) found a 4 percent reduction in seasonal
water use of cotton at ambient versus 650 ppm
CO, in lysimeter experiments in Arizona. Soy-
bean canopies grown at 550 compared to 375
ppm in FACE experiments in Illinois had 9-16
percent decreases in ET depending on season.
Their data show an average 12 percent reduction
over three years (Bernacchi et al. 2007). Allen
etal. (2003) observed 9 percent reduction in ET
of soybean with doubling of CO, in the sunlit,
controlled environment chambers for a 28/18°C
treatment (about the same mean temperature as
the Illinois site), but they observed no reduc-
tion in ET for a high temperature treatment
40/30°C. The extent of CO,-related reduction
in ET appears to be dependent on temperature.
In their review, Horie et al. (2000) reported the
same phenomenon in rice, where doubling CO,
caused 15 percent reduction in ET at 26°C, but
resulted in increased ET at higher temperatures
(29.5°C). At 24-26°C, rice’s WUE increased 50
percent with doubled CO,, but the CO, enrich-
ment effect declined as temperature increased.
At higher temperature, CO,-induced reduction
in conductance lessened.

Using observed sensitivity of soybean stomatal
conductance to CO, in a crop climate model,
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Allen (1990) showed that CO, enrichment from
330 to 800 ppm should cause an increase in fo-
liage temperature of about 1°C when air vapor
pressure deficit is low, but an increase of about
2.5 and 4°C with air vapor pressure deficit of
1.5, and 3 kPa, respectively. At the higher vapor
pressure deficit values, the foliage temperatures
simulated with this crop climate model (Allen
1990) exceeded the differential observed un-
der larger vapor pressure deficit in the sunlit,
controlled-environment chambers (Prasad et
al. 2002; Allen et al. 2003; Prasad et al. 2006a).
Allen et al. (2003) found that soybean canopies
increased their conductance (lower resistance)
at progressively larger vapor pressure deficit
(associated with higher temperature), such that
foliage temperature did not increase as much as
supposed by the crop-climate model. Concur-
rently, the anticipated degree of reduction in
ET with doubling of CO,, while being 9 percent
less at cool temperatures (28/18°C), became
progressively less and was non-existent (no
difference) at very high temperatures (40/30°C
and 44/34°C). In other words, the CO,-induced
reduction in conductance became less as tem-
perature increased.

Boote et al. (1997) used a version of the
CROPGRO-Soybean model with hourly energy
balance and feedback of stomatal conductance
on transpiration and leaf temperature (Pickering
et al.1995), to study simulated effects of 350
versus 700 ppm CO, for field weather from Ohio
and Florida. The simulated transpiration was
reduced 11-16 percent for irrigated sites and 7
percent for a rainfed site in Florida, while the ET
was reduced 6-8 percent for irrigated sites and
4 percent for the rainfed site. Simulated water
use efficiency was increased 53-61 percent,
which matches the 50-60 percent increase in
soybean WUE reported by Allen et al. (2003)
for doubling of CO,. The smaller reduction in
transpiration and ET for the rainfed site was as-
sociated with more effective prolonged use of
the soil water, also giving a larger yield response
(44 percent) for rainfed crop than for irrigated
(32 percent). The model simulated reductions
in transpiration were close (11-16 percent) to
those measured (12 percent) by Jones et al.
(1985), and the reduction was much less than
the reduction in leaf conductance. The model
simulations also produced a 1°C higher foliage
temperature at mid-day under doubled COs,.

Interactions of CO, enrichment with climatic
factors of water supply and evaporative de-
mand will be especially evident under water
deficit conditions. The reduction in stomatal
conductance with elevated CO, will cause soil
water conservation and potentially less water
stress, especially for crops grown with periodic
soil water deficit, or under high evaporative
demand. This reduction in water stress effects
on photosynthesis, growth, and yield has been
documented for both C5 wheat (Wall et al. 2006)
and C, sorghum (Ottman et al. 2001; Wall et
al. 2001; Triggs et al. 2004). Sorghum grown
in the Arizona FACE site showed significant
CO,-induced enhancement of biomass and grain
yield for water deficit treatments, but no signifi-
cant enhancement for sorghum grown with full
irrigation (Ottman et al. 2001). In the sorghum
FACE studies, the stomatal conductance was re-
duced 32-37 percent (Wall et al. 2001), while ET
was reduced 13 percent (Triggs et al. 2004).

2.2.1.4 CROP RESPONSE TO TROPOSPHERIC
OZONE

Ozone at the land surface has risen in rural areas
of the United States, particularly over the past 50
years, and is forecast to continue increasing dur-
ing the next 50 years. The Midwest and eastern
U.S. have some of the highest rural ozone levels
on the globe. Average ozone concentrations rise
toward the east and south, such that average
levels in Illinois are higher than in Nebraska,
Minnesota, and lowa. Only western Europe and
eastern China have similarly high levels. Argen-
tina and Brazil, like most areas of the Southern
Hemisphere, have much lower levels of ozone,
and are forecast to see little increase over the
next 50 years. Increasing ozone tolerance will
therefore be important to the competitiveness
of U.S. growers. Numerous models for future
changes in global ozone concentrations have
emerged that are linked to IPCC scenarios, so
the impacts of ozone can be considered in the
context of wider global change. For example,
a model that incorporates expected economic
development and planned emission controls in
individual countries projects increases in annual
mean surface ozone concentrations in all major
agricultural areas of the Northern Hemisphere
(Dentener et al. 2005).

Ozone is a secondary pollutant resulting from
the interaction of nitrogen oxides with sunlight

Ozone at the land
surface has risen
in rural areas of
the United States,
particularly over
the past 50 years,
and is forecast

to continue
increasing during
the next 50 years.
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and hydrocarbons. Nitrogen oxides are produced
in the high-temperature combustion of any fuel.
They are stable and can be transported thousands
of miles in the atmosphere. In the presence of
sunlight, ozone is formed from these nitrogen
oxides and, in contrast to most pollutants, higher
levels are observed in rural than urban areas.
This occurs because rural areas have more
hours of sunshine and less haze, and city air
includes short-lived pollutants that react with,
and remove, ozone. These short-lived pollutants
are largely absent from rural areas. Levels of
ozone during the day in much of the Midwest
now reach an average of 60 parts of ozone per
billion parts of air (ppb), compared to less than
10 ppb 100 years ago. While control measures
on emissions of NOx and volatile organic car-
bons (VOCs) in North America and western
Europe are reducing peak ozone levels, global
background tropospheric ozone concentrations
are on the rise (Ashmore 2005). Ozone is toxic
to many plants, but studies in greenhouses and
small chambers have shown soybean, wheat,
peanut, and cotton are the most sensitive of our
major crops (Ashmore 2002).

Ozone effects on soybean crops have been most
extensively studied and best analyzed. This is
because soybean is the most widely planted
dicotyledonous crop, and is our best model of
C; annual crops. The response of soybean to
ozone can be influenced by the ozone profile
and dynamics, nutrient and moisture condi-
tions, atmospheric CO, concentration, and even
the cultivar investigated, which creates a very
complex literature to interpret. Meta-analytic
methods are useful to quantitatively summarize
treatment effects across multiple studies, and
thereby identify commonalities. A meta-analysis
of more than 50 studies of soybean, grown in
controlled environment chambers at chronic
levels of ozone, show convincingly that ozone
exposure results in decreased photosynthesis,
dry matter, and yield (Morgan et al. 2003). Even
mild chronic exposure (40-60 ppb) produces
such losses, and these losses increase linearly
with ozone concentration (Morgan et al. 2003)
as anticipated from the exposure/response rela-
tionship shown by Mills et al. (2000).

The meta-analytic summary further reveals that
chronic ozone lowers the capacity of carbon
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uptake in soybean by reducing photosynthetic
capacity and leaf area. Soybean plants exposed
to chronic ozone levels were shorter with less
dry mass and fewer set pods, which contained
fewer, smaller seeds. Averaged across all stud-
ies, biomass decreased 34 percent, and seed
yield was 24 percent lower, but photosynthe-
sis was depressed by only 20 percent. Ozone
damage increased with the age of the soybean,
consistent with the suggestion that ozone effects
accumulate over time (Adams et al. 1996; Miller
etal. 1998), and may additionally reflect greater
sensitivity of reproductive developmental stag-
es, particularly seed filling (Tingey et al. 2002).
The meta-analysis did not reveal any interac-
tions with other stresses, even stresses expected
to lower stomatal conductance and therefore
ozone entry into the leaf (Medlyn et al. 2001).
However, all of the ozone effects on soybean
mentioned above were less under elevated CO,,
aresponse generally attributed to lower stomatal
conductance (Heagle et al. 1989).

Plant growth in chambers can be different
compared to the open field (Long et al. 2006),
and therefore the outcomes of chamber experi-
ments have been questioned as a sole basis for
projecting yield losses due to ozone (Elagoz and
Manning 2005). FACE experiments in which
soybeans were exposed to a 20 percent elevation
above ambient ozone levels indicate that ozone-
induced yield losses were at least as large under
open air treatment. In 2003, the background
ozone level in central lllinois was unusually low
over the growing season, averaging 45 parts per
billion (ppb). Elevation of ozone by 20 percent
in this year raised the ozone concentration to
the average of the previous 10 years. In the
plots with elevated ozone in 2003, yields were
reduced approximately 25 percent (Morgan et
al. 2006). This suggests that, in a typical year
under open-air field conditions, yield loss due
to ozone is even greater than predictions from
greenhouse experiments (Ashmore 2002).

Analysis in the soybean FACE results showed
a significant decrease in leaf area (Dermody
et al. 2006), a loss of photosynthetic capacity
during grain filling, and earlier senescence of
leaves (Morgan et al. 2004). This may explain
why yield loss is largely due to decreased seed
size rather than decreased seed number (Morgan
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et al. 2006). On average, yield losses in Illinois
soybean FACE experiments between 2002 and
2005 were 0.5 percent per ppb ozone increase
over the 30 ppb threshold, which is twice the
ozone sensitivity as determined in growth
chamber studies (Ashmore 2002). These results
suggest that during an average year, ozone
is currently causing soybean yield losses of
10-25 percent in the Midwest, with even greater
losses in some years. The IPCC forecasts that
ozone levels will continue to rise in the rural
Midwest by about 0.5 ppb per year, suggesting
that soybean yields may continue to decline by
1 percent every two to four years. The IPCC
also forecasts that ozone, which is low in South
America, will remain low in that region over
the next 50 years.

Meta-analysis has not been conducted for the ef-
fects of ozone on any crops other than soybean,
or across different crops. Nevertheless, there is
little doubt that current tropospheric ozone lev-
els are limiting yield in many crops (e.g., Heagle
1989) and further increases in 0zone will reduce
yield in sensitive species further. The effect of
exposure to ozone on yield and yield parameters
from studies conducted prior to 2000 are com-
piled in Table 4 of Black et al. (2000), which
reveals that, in addition to soybean, the yield
of C; crops, such as wheat, oats, French and
snap bean, pepper, rape, and various cucurbits,
are highly sensitive to chronic ozone exposure.
Yield of woody perennial cotton is also highly
sensitive to ozone (e.g., Temple 1990; Heagle
etal. 1996). While there are isolated reports that
maize yield is reduced by ozone (e.g., Rudorff
et al. 1996), C, crops are generally much less
sensitive to ozone. Recent studies by Booker et
al. (2007) and Burkey et al. (2007) on peanuts
that evaluated the effect of ozone under CO,
levels from 375 to 730 ppm, and ozone levels
of 22-75 ppb, showed that CO, increases offset
the effects of ozone. Increasing CO, levels
overcame the effect of ozone on peanut yield;
however, in none of the treatments was there a
change in seed quality, or protein or oil content
of the seed (Burkey et al. 2007).

2.2.2 Pastureland

In general, grassland species have received
less attention than cropland species for their
response to projected changes in temperature,
precipitation, and atmospheric CO, concentra-
tion associated with climate change (Newman
et al. 2001). Pastureland response to climate
change is complex because, in addition to the
major climatic drivers (CO, concentration,
temperature, and precipitation), other plant and
management factors affect this response (e.g.,
plant competition, perennial growth habits,
seasonal productivity, etc.). Many of the stud-
ies in our review of published materials that
report on temperate-climate pasture responses to
changes in temperature, precipitation, and CO,
concentrations originate from regions outside
the United States.

An early comprehensive greenhouse study
examined the photosynthetic response of 13
pasture species (Table 2.9) to elevated CO,
(350 and 700 ppm) and temperature (12/7°C,
18/13°C, and 28/23°C for daytime/nighttime
temperatures) (Greer et al. 1995). On average,
photosynthetic rates increased by 40 percent
under elevated CO, in C; species, while those
for C, species remained largely unaffected.
The response of Cj species to elevated CO,
decreased as temperatures increased from
12-28°C. However, the temperatures at which
the maximum rates of photosynthesis occurred
varied with species and level of CO, exposure.
At 350 ppm, four species (L. multiflorum, A.
capillaris, C. intybus, and P. dilatatum) showed
maximum rates of photosynthesis at 18°C while,
for the rest, the maximum occurred at 28°C. At
700 ppm, rates shifted upwards from 18-28°C in
A. capillaries, and downward from 28-18°C in
L. perenne, F. arundinacea, B. wildenowii, and
T. subterraneum. However, little if any correla-
tion existed between the temperature response
of photosynthesis and climatic adaptations of
the pasture species.

In Florida, a 3-year study examined the effects
of elevated atmospheric CO, (360 and 700
ppm), and temperature (ambient temperature or
baseline (B), B+1.5°C, B+3.0°C, and B+4.5°C)
on dry matter yield of rhizoma peanut (a C;
legume), and bahiagrass (a C, grass) (Newman
et al. 2001). On average, yields increased by
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Table 2.9 Pasture species studied for response to CO, and temperature changes. Adapted from Greer et al.

(1995).
Photosynthetic

Species Common name pathway Growth characteristics
Lolium multiflorum Italian ryegrass G Cool season annual grass
Bromus wildenowii C; Cool season perennial grass
Lolium perenne Ryegrass G Cool season perennial grass
Phalaris aquatica G Cool season perennial grass
Trifolium dubium G Cool season annual broadleaf
Trifolium subterraneum Subterraneum clover Cs Cool season annual broadleaf
Agrostis capillaris G Warm season perennial grass
Dactylis glomerata Orchardgrass C; Warm season perennial grass
Festuca arundinacea Tall fescue G Warm season perennial grass
Cichorium intybus G Warm season perennial broadleaf
Trifolium repens White clover C; Warm season perennial broadleaf
Digitaria sanguinalis Crabgrass C, Warm season annual grass
Paspalum dilatatum Dallisgrass C,4 Warm season perennial grass

25 percent in rhizoma peanut plots exposed to
elevated CO,, but exhibited only a positive trend
in bahiagrass plots under the same conditions.
These results are consistent with Cs- and C,-type
plant responses to elevated CO,.

The response of forage species to elevated CO,
may be affected by grazing and aboveground/
belowground interactions (Wilsey 2001). In a
phytotron study, Kentucky bluegrass and timo-
thy (Phleum pratense L.) were grown together in
pots during 12 weeks under ambient (360 ppm)
and elevated CO, (650 ppm), with and without
aboveground defoliation, and with and without
the presence of Pratylenchus penetrans, a root-
feeding nematode commonly found in old fields
and pastures. Timothy was the only species that
responded to elevated CO, with an increase in
shoot biomass, leading to its predominance in
the pots. This suggests that Kentucky bluegrass
might be at the lower end of the range in the
responsiveness of C; grasses to elevated CO,,
especially under low nutrient conditions. Defoli-
ation increased productivity only under ambient
CO,; thus, the largest response to elevated CO,
was observed in non-defoliated plants. Timothy
was the only species that showed an increase in
root biomass under elevated CO,. Defoliation

reduced root biomass. Elevated CO, interacted
with the presence of nematodes in reducing
root biomass. In contrast, defoliation alleviated
the effect of root biomass reduction caused by
the presence of nematodes. This study demon-
strates the importance of using aboveground/
belowground approaches when investigating
the environmental impacts of climate change
(Wardle et al. 2004).

Kentucky bluegrass might not be the only spe-
cies showing low response to elevated CO,.
Perennial ryegrass (Lolium perenne) has been
reported to have low or even negative yield
response to elevated CO, under field condi-
tions but, contradictorily, often shows a strong
response in photosynthetic rates (Suter et al.
2001). An experiment at the Swiss FACE
examined the effects of ambient (360 ppm)
and elevated (600 ppm) CO, on regrowth char-
acteristics of perennial ryegrass (Suter et al.
2001). Elevated CO, increased root mass by 68
percent, pseudostems by 38 percent, and shoot
necromass below cutting height by 45 percent
during the entire regrowth period. Many of the
variables measured (e.g., yield, dry matter, and
leaf area index) showed a strong response to
elevated CO, during the first regrowth period
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but not during the second, suggesting a lack of
a strong sink for the extra carbon fixed during
the latter period.

When combined, rising CO, and projected
changes in temperature and precipitation may
significantly change the growth and chemical
composition of plant species. However, it is not
clear how the various forage species that harbor
mutualistic relationships with other organisms
would respond to elevated CO,. Newman et al.
(2003) studied the effects of endophyte infec-
tion, N fertilization, and elevated CO, on growth
parameters and chemical composition of tall
fescue. Fescue plants, with and without endo-
phyte infection (Neotyphodium coenophialum),
were transplanted to open chambers and exposed
to ambient (350 ppm) and elevated (700 ppm)
levels of CO,. All chambers were fertilized with
uniform rates of phosphorus (P) and potassium
(K). Nitrogen fertilizer was applied at rates of
6.7 and 67.3 g m-2. The results revealed complex
interactions of the effects of elevated CO, on the
mutualistic relationship between a fungus and its
host, tall fescue. After 12 weeks of growth, plants
grown under elevated CO, exhibited apparent
photosynthetic rates 15 percent higher than those
grown under ambient conditions. The presence
of the endophyte fungus in combination with N
fertilization enhanced the CO, fertilization ef-
fect. Elevated CO, accelerated the rate of tiller
appearance and increased dry matter production
by at least 53 percent (under the low N treat-
ment). Contrary to previous findings, Newman
et al. (2003) found that elevated CO, decreased
lignin concentrations by 14 percent. Reduced
lignin concentration would favor the diet of graz-
ing animals, but hinder stabilization of carbon in
soil organic matter (Six et al. 2002).

Climate change may cause reduction in pre-
cipitation and, in turn, induce soil moisture
limitations in pasturelands. An experiment
in New Zealand examined the interaction of
elevated CO, and soil moisture limitations on
the growth of temperate pastures (Newton et al.
1996). Intact turves (plural of turf) composed
primarily of perennial ryegrass and dallisgrass
(Paspalum dilatatum) were grown for 324 days
under two levels of CO, (350 and 700 ppm),
with air temperatures and photoperiod designed
to emulate the monthly climate of the region.

After this equilibration period, half the turves
in each CO, treatment underwent soil moisture
deficit for 42 days. Turves under elevated CO,
continued to exchange CO, with the atmosphere,
while turves under ambient CO, did not. Root
density measurements indicated that roots acted
as sinks for the carbon fixed during the soil
moisture deficit period. Upon rewatering, turves
under ambient CO, had a vigorous rebound in
growth while those under elevated CO, did not
exhibit additional growth, suggesting that plants
may exhibit a different strategy in response
to soil moisture deficit depending on the CO,
concentration.

2.2.2.1 PREDICTIONS OF PASTURELAND
FORAGE YIELDS AND NUTRIENT
CYCLING UNDER CLIMATE CHANGE
To evaluate the effect of climate scenarios on
a forage crop, alfalfa production was simulated
with the EPIC agroecosystem model (Williams
1995), using various climate change projections
from the HadCM2 (lzaurralde et al. 2003), and
GCMs from Australia’s Bureau of Meteorology
Research Centre (BMRC), and the University of
Illinois, Urbana-Champaigne (UIUC) (Thom-
son et al. 2005). All model runs were driven
with CO, levels of 365 and 560 ppm without
irrigation.

The results give an indication of pastureland
crop response to changes in temperature,
precipitation, and CO, for major regions of
the United States (Table 2.10). Of these three
factors, variation in precipitation had the great-
est impact on regional alfalfa yield. Under
the HadCM2 projected climate, alfalfa yields
increase substantially in eastern regions, with
declines through the central part of the country
where temperature increases are greater and pre-
cipitation is lower. Slight alfalfa yield increases
are predicted for western regions. The BMRC
model projects substantially higher temperatures
and consistent declines in precipitation over the
next several decades, leading to a nationwide
decline in alfalfa yields. In contrast, the UIUC
model projects more moderate temperature in-
creases along with higher precipitation, leading
to modest increases in alfalfa yields throughout
the central and western regions. While these
results illustrate the uncertainty of model pro-
jections of crop yields due to the variation in

Climate change may
cause reduction in
precipitation and,

in turn, induce soil
moisture limitations
in pasturelands.
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global climate model projections of the future,
they also underscore the primary importance
of future precipitation changes on crop yield.
Analysis of the results shown in Table 2.10
reveals that precipitation was the explanatory
variable in yield changes followed by CO, and
temperature change. Comparing the BMRC,
HadCM2, and UIUC models showed that fu-
ture changes in precipitation will be extremely
important in alfalfa yields with a 1 percent de-
crease in alfalfa yields for every 4 mm decrease
in annual precipitation.

Chapter 2

Thornley and Cannell (1997) argued that ex-
periments on elevated CO,, and temperature
effects on photosynthesis and other ecosystem
processes may have limited usefulness for at
least two reasons. First, laboratory or field
experiments incorporating sudden changes in
temperature or elevated CO, are short term
and thus rarely produce quantitative changes
in net primary productivity (NPP), ecosystem
C, or other ecosystem properties connected to
long-term responses to gradual climate change.

Table 2.10 Change in alfalfa yields in major U.S. regions as a percentage of baseline yield with average tem-
perature and precipitation change under the selected climate model for early century (2030) climate change
projections. Data in table from the simulations provided in Izaurralde et al. (2003).

HadCM2 BMRC uluC
AT AP Yield AT AP Yield AT AP Yield
(mm) %change (°C) (mm) %change (°C) (mm) % change

365 1.13 74 17.0 1.79 -6 -0.4 0.96 19 -1.3
Great Lakes

560 20.6 0.0 -1.0

365 0.70 80 12.5 1.66 -16 -5.2 0.86 25 -3.7
Ohio

560 13.9 -5.0 -3.8

365 1.24 74 10.9 1.71 -14 -34 0.89 29 2.2
Upper Mississippi

560 14.8 -2.5 2.1

365 1.40 -30 -30.7 1.73 -3 -1.9 0.96 12 -0.4
Souris-Red-Rainy

560 -25.4 2.1 2.6

365 1.42 34 9.2 1.50 -18 -9.4 0.92 41 3.5
Missouri

560 7.1 9.1 3.1

365 1.77 -2 -18.6 1.53 -32 -9.6 0.76 6l 3.8
Arkansas

560 -14.2 -7.3 5.1

365 3.11 12 5.0 1.41 -20 -9.3 0.84 25 16.2
Rio Grande

560 5.3 -8.7 17.8

365 221 76 5.0 1.48 -18 -15.3 0.97 40 16.2
Upper Colorado

560 5.4 -14.1 16.7

365 1.43 2 7.3 1.31 -23 -16.0 0.97 27 7.8
Lower Colorado

560 1.9 -19.4 47

365 0.62 21 -4.7 1.36 -15 -6.3 1.07 45 242
Great Basin

560 -4.5 -7.1 23.7

365 0.45 3 0.4 1.24 -6 2.0 I.11 54 84
Pacific Northwest

560 1.7 1.9 8.1

365 0.95 58 8.7 1.13 -45 -5.5 1.08 17 6.3
California

560 9.3 -3.5 4.6
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Second, the difficulty of incorporating grazing
in these experiments prevents a full analysis of
its effects on ecosystem properties such as NPP,
LAI, belowground process, and ecosystem C.

Thornley and Cannell (1997) used their Hurley
Pasture Model to simulate ecosystem responses
of ungrazed and grazed pastures to increasing
trends in CO, concentrations and temperature.
The simulations revealed three important results:
1) rising CO, induces a carbon sink, 2) rising
temperatures alone produce a carbon source,
and 3) a combination of the two effects is likely
to generate a carbon sink for several decades
(5-15 g C m-2 yr-1). Modeling the dynamics of
mineral N availability in grazed pastures under
elevated CO,, Thornley and Cannell (2000)
ascertained the role of the mineral N pool and
its turnover rate in slowly increasing C content
in plants and soils.

2.2.2.2 IMPLICATIONS OF ALTERED
PRODUCTIVITY, NITROGEN CYCLE
(FORAGE QUALITY), PHENOLOGY,
AND GROWING SEASON ON SPECIES
MIXES, FERTILIZER, AND STOCKING
In general, the response of pasture species to
elevated CO, deduced from these studies is
consistent with the general response of C; and
C, type vegetation to elevated CO,, although
significant exceptions exist. Pasture species
with Cs-type metabolism increased their pho-
tosynthetic rates by up to 40 percent, but not
those with a C, pathway (Greer et al. 1995).
The study of Greer et al. (1995) suggests shifts
in optimal temperatures for photosynthesis un-
der elevated CO,, with perennial ryegrass and
tall fescue showing a downward shift in their
optimal temperature from 28-18°C. Unlike crop-
lands, the literature for pasturelands is sparse
in providing quantitative information to predict
the yield change of pastureland species under
a temperature increase of 1.2°C. The projected
increases in temperature and the lengthening
of the growing season should be, in principle,
beneficial for livestock produced by increasing
pasture productivity and reducing the need for
forage storage during the winter period.

Naturally, changes in CO, and temperature will
be accompanied by changes in precipitation,
with the possibility of more extreme weather
causing floods and droughts. Precipitation

changes will likely play a major role in deter-
mining NPP of pasture species as suggested
by the simulated 1 percent change in yields of
dryland alfalfa for every 4-mm change in annual
precipitation (lzaurralde et al. 2003; Thomson
et al. 2005).

Another aspect that emerges from this review
is the need for comprehensive studies of the
impacts of climate change on the pasture eco-
system including grazing regimes, mutualistic
relationships (e.g., plant roots-nematodes; N-
fixing organisms), as well as C, nutrient, and
water balances. Despite their complexities, the
studies by Newton et al. (1996) and Wilsey
(2001) underscore the importance, difficulties,
and benefits of conducting multifactor experi-
ments. To augment their value, these studies
should include the use of simulation modeling
(Thornley and Cannell 1997) in order to test
hypotheses regarding ecosystem processes.

2.2.3 Rangelands

The overall ecology of rangelands is deter-
mined primarily by the spatial and temporal
distribution of precipitation and consequences
of precipitation patterns for soil water avail-
ability (Campbell et al. 1997; Knapp, Briggs and
Koelliker 2001; Morgan 2005). Rising CO, in
the atmosphere, warming and altered precipita-
tion patterns all impact strongly on soil water
content and plant water relations (Alley et al.
2007; Morgan et al. 2004b), so an understanding
of their combined effects on the functioning of
rangeland ecosystems is essential.

2.2.3.1 ECOSYSTEM RESPONSES TO CO,
AND CLIMATE DRIVERS

22311 Growing Season Length and
Plant Phenology

Although responses vary considerably among
species, in general warming should accelerate
plant metabolism and developmental processes,
leading to earlier onset of spring green-up, and
lengthening of the growing season in rangelands
(Badeck et al. 2004). The effects of warming are
also likely to be seen as changes in the timing of
phenological events such as flowering and fruit-
ing. For instance, experimental soil warming of
approximately 2°C in a tallgrass prairie (Wan et
al. 2005) extended the growing season by three
weeks, and shifted the timing and duration of
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reproductive events variably among species;
spring blooming species flowered earlier, late
blooming species flowered later (Sherry et al.
2007). Extensions and contractions in lengths
of the reproductive periods were also observed
among the species tested (see also Cleland et al.
2006). Different species responses to warming
suggest strong selection pressure for altering
future rangeland community structure, and for
the associated trophic levels that depend on the
plants for important stages of their life cycles.
Periods of drought stress may suppress warm-
ing-induced plant activity (Gielen et al. 2005),
thereby effectively decreasing plant develop-
ment time. CO, may also impact phenology of
herbaceous plant species, although species can
differ widely in their developmental responses
to CO, (Huxman and Smith; 2001 Rae et al.
2006), and the implications for these changes
in rangelands are not well understood. Thus,
temperature is the primary climate driver that
will determine growing season length and plant
phenology, but precipitation variability and CO,
may cause deviations from the overall patterns
set by temperature.

2.2.3.1.2 Net Primary Production

Increases in CO, concentration and in pre-
cipitation and soil water content expected for
rangelands generally enhance NPP, whereas
increased air temperature may either increase
or reduce NPP.

2.2.3.1.2.1 CO,Enrichment

Most forage species on rangelands have either
the C; or C, photosynthetic pathway. Photo-
synthesis of C3 plants, including most woody
species and herbaceous broad-leaf species
(forbs), is not CO,-saturated at the present
atmospheric concentration, so carbon gain and
productivity usually are very sensitive to CO,
in these species (Drake et al. 1997). Conversely,
photosynthesis of C, plants, including many
of the warm-season perennial grass species of
rangelands, is nearly CO,-saturated at current
atmospheric CO, concentrations (approximately
380 ppm) when soil water is plentiful, although
the C, metabolism does not preclude photosyn-
thetic and growth responses to CO, (Polley et
al. 2003). In addition, CO, effects on rates of
water loss (transpiration) and plant WUE are at
least as important as photosynthetic response
to CO, for rangeland productivity. Stomata of
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most herbaceous plants partially close as CO,
concentration increases, thus reducing plant
transpiration. Reduced water loss improves plant
and soil water relations, increases plant produc-
tion under water limitation, and may lengthen
the growing season for water-limited vegetation
(Morgan et al. 2004b).

CO, enrichment will stimulate NPP on most
rangelands, with the amount of increase depen-
dent on precipitation and soil water availability.
Indeed, there is evidence that the historical
increase in CO, of about 35 percent has already
enhanced rangeland NPP. Increasing CO, from
pre-industrial levels to elevated concentrations
(250 to 550 ppm) increased aboveground NPP
of mesic grassland in central Texas between
42-69 percent (Polley et al. 2003). Biomass
increased by similar amounts at pre-industrial to
current, and current to elevated concentrations.
Comparisons between CO,-induced production
responses of semi-arid Colorado shortgrass
steppe with the sub-humid Kansas tall grass
prairie suggest that Great Plains rangelands re-
spond more to CO, enrichment during dry than
wet years, and that the potential for CO,-induced
production enhancements are greater in drier
rangelands (Figure 2.7). However, in the still-
drier Mojave Desert, CO, enrichment-enhanced
shrub growth occurred most consistently during
relatively wet years (Smith et al. 2000). CO,
enrichment stimulated total biomass (aboveg-
round + belowground) production in one study
on annual grassland in California (Field et al.
1997), but elicited no production response in a
second experiment (Shaw et al. 2002).

2.2.3.1.2.2 Temperature

Like CO, enrichment, increasing ambient air
and soil temperatures may enhance rangeland
NPP, although negative effects of higher tem-
peratures also are possible, especially in dry and
hot regions. Temperature directly affects plant
physiological processes, but rising ambient tem-
peratures may indirectly affect plant production
by extending growing season length, increasing
soil nitrogen (N) mineralization and availability,
altering soil water content, and shifting plant
species composition and community structure
(Wan et al. 2005). Rates of biological processes
for a given species typically peak at plant tem-
peratures that are intermediate in the range
over which a species is active, so direct effects
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of warming likely will vary within and among
years, and among plant species. Because of
severe cold-temperature restrictions on growth
rate and duration, warmer plant temperatures
alone should stimulate production in high- and
mid-latitude, and high-altitude rangelands.
Conversely, increasing plant temperature during
summer months may reduce NPP.

Increasing daily minimum air temperature and
mean soil temperature (2.5 cm depth) by 2°C
increased aboveground NPP of tallgrass prairie
in Oklahoma between 0-19 percent during the
first three years of study, largely by increasing
NPP of C, grasses (Wan et al. 2005). Warming
stimulated biomass production in spring and
autumn, but aboveground biomass in summer
declined as soil temperature increased. Posi-
tive effects of warming on production may be
lessened by an accompanying increase in the
rate of water loss. Warming reduced the annual
mean of soil water content in tallgrass prairie
during one year (Wan et al. 2005), but actually
increased soil water content in California an-
nual grassland by accelerating plant senescence
(Zavaleta et al. 2003b).

2.2.3.1.2.3 Precipitation

Historic changes in climatic patterns have
always been accompanied by changes in grass-
land vegetation because grasslands have both
high production potential and a high degree of
variability in precipitation (Knapp and Smith
2001). In contrast, aboveground NPP (ANPP)
variability in forest systems appears to be lim-
ited by invariant rainfall patterns, while produc-
tion potential more strongly limits desert and
arctic/alpine systems. Projected altered rainfall
regimes are likely to elicit important changes in
rangeland ecology, including NPP.

On most rangelands where total annual precipi-
tation is sufficiently low that soil water limits
productivity more than other soil resources, the
timing of precipitation can play an important
role in regulating NPP. Increased rainfall vari-
ability caused by altered rainfall timing (no
change in rainfall amount) led to lower and
more variable soil water content (between 0-30
cm depth), an approximate 10 percent reduction
in ANPP, which was species-specific, and in-
creased root-to-shoot ratios in a native tallgrass
prairie ecosystem in northeastern Kansas (Fay
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Figure 2.7 Aboveground plant biomass of native Kansas tallgrass prairie
(Owensby et al. 1999; 1989-1995) and Colorado Shortgrass steppe (Morgan
etal. 2004a; 1997-2001), harvested during summer-time seasonal peak. These
grasses were grown in similarly-designed Open Top Chambers maintained at
present (ambient, approximately 370 parts per million CO, in air; no cross-
hatches) and elevated (approximately 720 parts per million CO, in air; cross-
hatches) atmospheric CO, concentrations. Histograms from different years
are color-coded (red for dry; yellow for normal; blue for wet) according to the
amount of annual precipitation received during that particular year compared
to long-term averages for the two sites (840 mm for the tallgrass prairie, and
320 mm for shortgrass steppe). Where production increases due to elevated
CO, were observed, the percentage-increased production is given within a year
above the histograms. The involvement of water in the CO, responses is seen
in two ways: the relative plant biomass responses occur more commonly and
in greater magnitude in the shortgrass steppe than in the tallgrass prairie, and
the relative responses in both systems are greater in dry than wet years.

et al. 2003). In general, vegetation responses to
rainfall timing (no change in amount) were at
least equal to changes caused by rainfall quantity
(30 percent reduction, no change in timing).
Reduced ANPP most likely resulted from direct
effects of soil moisture deficits on root activity,
plant water status, and photosynthesis.

The seasonality of precipitation is also an impor-
tant factor determining NPP through its affects
on locally adapted species, which can differ
depending on the particular ecosystem. For ex-
ample, herbaceous plants in the Great Basin are
physiologically adapted to winter/early spring
precipitation patterns, where reliable soil water
recharge occurs prior to the growing season
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(Svejcar et al. 2003). Similarly, Northern Great
Plains grasslands are dominated by cool-season
plant species that complete most of their growth
by late spring to early summer, and NPP primar-
ily depends on sufficient soil moisture going into
the growing season (Heitschmidt and Hafer-
kamp 2003). Productivity of herbaceous species
in both of these rangeland systems is highly de-
pendent on early spring soil moisture, which can
be significantly affected by winter precipitation.
In contrast, oak savannas of the southwestern
United States experience a strongly seasonal
pattern of precipitation, with a primary peak in
summer and lesser peak in winter (Weltzin and
McPherson 2003). Here, herbaceous biomass is
more sensitive to summer precipitation than to
winter precipitation.

2.2.3.1.3 Environmental Controls on Species
Composition

At regional scales, species composition of range-
lands is determined mostly by climate and soils,
with fire regime, grazing, and other land uses
locally important. The primary climatic control
on the distribution and abundance of plants is
water balance (Stephenson 1990). On rangelands
in particular, species composition is highly cor-
related with both the amount of water plants use
and its availability in time and space.

Each of the global changes considered here —
CO, enrichment, altered precipitation regimes,
and higher temperatures — may change species
composition by altering water balance. Unless
stomatal closure is compensated by atmospheric
or other feedbacks, CO, enrichment should af-
fect water balance by slowing canopy-level ET
(Polley et al. 2007) and the rate or extent of soil
water depletion (Morgan et al. 2001; Nelson
et al. 2004). The resultant higher soil water
content has been hypothesized to favor deep-
rooted woody plants in future CO,-enriched
atmospheres because of their greater access to
stored soil water compared to relatively shallow-
rooted grasses (Polley 1997). A warmer climate
will likely be characterized by more rapid
evaporation and transpiration, and an increase
in frequency of extreme events like heavy rains
and droughts. Changes in timing and intensity
of rainfall may be especially important on arid
rangelands where plant community dynam-
ics are ‘event-driven’ and the seasonality of
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precipitation determines which plant growth
strategies are successful. The timing of precipi-
tation also affects the vertical distribution of soil
water, which regulates relative abundances of
plants that root at different depths (Ehleringer
etal. 1991; Weltzin and McPherson 1997), and
influences natural disturbance regimes, which
feed back to regulate species composition. For
example, grass-dominated rangelands in the
eastern Great Plains were historically tree-free
due to periodic fire. Fires occurred frequently
because the area is subject to summer droughts,
which dessicated the grasses and provided abun-
dant fuel for wildfires.

In addition to its indirect effect on water balance,
the direct effect of temperature on plant physiol-
ogy has long been acknowledged as an important
determinant of plant species distribution. A good
example of this is the distribution of cool-season,
C; grasses being primarily at northern latitudes
and warm-season, C, grasses at southern lati-
tudes (Terri and Stowe 1976). Thus, the relative
abundances of different plants types (C; grasses,
C, grasses, and shrubs) in grasslands and shru-
blands of North America are determined in large
part by soil water availability and temperatures
(Paruelo and Lauenroth 1996).

Observational evidence that global changes are
affecting rangelands and other ecosystems is
accumulating. During the last century, juniper
trees in the arid West grew more than expected
from climatic conditions, implying that the
historical increase in atmospheric CO, con-
centration stimulated juniper growth (Knapp
et al. 2001). The apparent growth response of
juniper to CO, was proportionally greater during
dry than wet years, consistent with the notion
that access to deep soil water, which tends to
accumulate under elevated CO, (Morgan et al.
2004b), gives a growth advantage to deep-rooted
woody vegetation (Polley 1997; Morgan et al.
2007). Such observational reports in combina-
tion with manipulative experimentation (Mor-
gan et al. 2004b, 2007) suggest that expansion
of shrublands over the past couple hundred
years has been driven in part by a combination
of climate change and increased atmospheric
CO, concentrations (Polley 1997; Archer et
al. 1995).
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2.2.3.1.4 Nitrogen Cycle Feedbacks

Plant production on rangelands often is limited
by nitrogen (N). Because most terrestrial N oc-
curs in organic forms that are not readily avail-
able to plants, rangeland responses to global
changes will depend partly on how quickly
N cycles between organic and inorganic N
compounds. Plant material that falls to the soil
surface, or is deposited belowground as the
result of root exudation or death, is subject to
decomposition by soil fauna and micro flora
and enters the soil organic matter (SOM) pool.
During decomposition of SOM, mineral and
other plant-available forms of N are released.
Several of the variables that regulate N-release
from SOM may be affected by CO, enrichment
and climate change, and thus are likely to be
important factors determining the long-term
responses of rangelands.

For instance, while CO, enrichment above
present atmospheric levels is known to increase
photosynthesis, particularly in Cs species,
soil feedbacks involving nutrient cycling may
constrain the potential CO, fertilization re-
sponse (Figure 2.8). The Progressive Nitrogen
Limitation (PNL) hypothesis holds that CO,
enrichment is reducing plant-available N by
increasing plant demand for N, and enhancing
sequestration of N in long-lived plant biomass
and SOM pools (Luo et al. 2004). The greater
plant demand for N is driven by CO,-enhanced
plant growth. Accumulation of N in organic
compounds at elevated CO, may eventually
reduce soil N availability and limit plant growth
response to CO, or other changes (Reich et al.
20064, 2006b; van Groenigen et al. 2006; Parton
etal. 2007a). Alternatively, greater C input may
stimulate N accumulation in soil/plant systems.
A number of processes may be involved, includ-
ing increased biological fixation of N, greater
retention of atmospheric N deposition, reduced
losses of N in gaseous or liquid forms, and more
complete exploration of soil by expanded root
systems (Luo et al. 2006). Rangeland plants
often compensate for temporary imbalances in
C and N availability by maximizing the amount
of C retained in the ecosystem per unit of N.
Thus, N concentration of leaves or aboveground
tissues declined on shortgrass steppe, tallgrass
prairie, and mesic grassland at elevated CO,,
and on tallgrass prairie with warming, but total
N content of aboveground tissues increased with
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Figure 2.8 Nutrient Cycling Feedbacks. While CO, enrichment may lead to
increased photosynthesis and enhanced plant growth, the long-term response
will depend on nutrient cycling feedbacks. Litter from decaying plants and root
exudates enter a large soil nutrient pool that is unavailable to plants until they
are broken down and released by microbial activity. Soil microbes may also fix
available nutrients into new microbial biomass, thereby temporarily immobilizing
them. The balance between these and other nutrient release and immobilization
processes determines available nutrients and ultimate plant response. Figure
reprinted with permission from Science (Morgan 2002).

plant biomass in these ecosystems and on an-
nual grasslands (Owensby et al. 1993; Hungate
et al. 1997; King et al. 2004; Wan et al. 2005;
Gill et al. 2006). The degree to which N may
respond to rising atmospheric CO, is presently
unknown, but may vary among ecosystems (Luo
etal. 2006), and has important consequences for
forage quality and soil C storage, as both depend
strongly on the available soil N.

Warmer temperatures generally increase SOM
decomposition, especially in cold regions (Re-
ich et al. 2006b; Rustad et al. 2001), although
warming also may limit microbial activity by
drying soil or enhancing plant growth (Wan et
al. 2005). Wan et al. (2005) found that warming
stimulated N mineralization during the first year
of treatment on Oklahoma tallgrass prairie, but
in the second year, caused N immobilization
by reducing plant N concentration, stimulating
plant growth, and increasing allocation of carbon
(C) compounds belowground (Wan et al. 2005).
Warming can also affect decomposition pro-
cesses by extending the growing season (Wan et
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al. 2005). However, as water becomes limiting,
decomposition becomes more dependant on soil
water content and less on temperature (Epstein
et al. 2002; Wan et al. 2005), with lower soil
water content leading to reduced decomposition
rates. A recent global model of litter decompo-
sition (Parton et al. 2007b) indicates that litter
N-concentration, along with temperature and
water, are the dominant drivers behind N re-
lease and immobilization dynamics, although
UV-stimulation of decomposition (Austin and
Vivanco 2006) is especially important in con-
trolling surface litter decomposition dynamics
in arid systems like rangelands.

Nutrient cycling also is sensitive to changes
in plant species composition; this may result
because species differ in sensitivity to global
changes. Soil microorganisms require organic
material with relatively fixed proportions of C
and N. The ratio of C to N (C:N) in plant resi-
dues thus affects the rate at which N is released
during decomposition in soil. Because C:N
varies among plant species, shifts in species
composition can strongly affect nutrient cycling
(Allard et al. 2004; Dijkstra et al. 2006; Gill
et al. 2006; King et al. 2004; Schaeffer et al.
2007; Weatherly et al. 2003). CO, enrichment
may reduce decomposition by reducing the N
concentration in leaf litter (Gill et al. 2006), for
example, although litter quality may not be the
best predictor of tissue decomposition (Norby et
al. 2001). Like CO,, climatic changes may alter
litter quality by causing species change (Murphy
et al. 2002; Semmartin et al. 2004; Weatherly
et al. 2003). Elevated atmospheric CO, and/
or temperature may also alter the amounts and
proportions of micro flora and fauna in the soil
microfood web (e.g., Hungate et al. 2000; Son-
nemann and Wolters 2005), and/or the activities
of soil biota (Billings et al. 2004; Henry et al.
2005; Kandeler et al. 2006). Although changes
in microbial communities are bound to have
important feedbacks on soil nutrient cycling and
C storage, the full impact of global changes on
microbes remains unclear (Niklaus et al. 2003;
Ayers et al., in press).

Computer simulation models that incorporate
decomposition dynamics and can evaluate in-
cremental global changes agree that combined
effects of warming and CO, enrichment during
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the next 30 years will stimulate plant produc-
tion, but disagree on the impact on soil C and N.
The Daycent Model predicts a decrease in soil
C stocks, whereas the Generic Decomposition
And Yield Model (G’Day) predicts an increase
in soil C (Pepper et al. 2005). Measurements of
N isotopes from herbarium specimens collected
over the past hundred years indicate that rising
atmospheric CO, has been accompanied by
increased N fixation and soil N mineralization,
decreased soil N losses, and a decline in shoot
N concentration (Pefiuelas and Estiarte 1997).
Collectively, these results indicate that soil N
may constrain the responses of some terrestrial
ecosystems to CO.,.

2.2.4 Temperature Response of
Animals

2.2.4.] THERMAL STRESS

The optimal zone (thermoneutral zone) for
livestock production is a range of temperatures
and other environmental conditions for which
the animal does not need to significantly alter
behavior or physiological functions to maintain
a relatively constant core body temperature. As
environmental conditions result in core body
temperature approaching and/or moving outside
normal diurnal boundaries, the animal must
begin to conserve or dissipate heat to maintain
homeostasis. This is accomplished through
shifts in short-term and long-term behavioral,
physiological, and metabolic thermoregulatory
processes (Mader et al. 1997b; Davis et al.
2003). The onset of a thermal challenge often
results in declines in physical activity and an
associated decline in eating and grazing activity
(for ruminants and other herbivores). Hormonal
changes, triggered by environmental stress,
result in shifts in cardiac output, blood flow to
extremities, and passage rate of digesta. Adverse
environmental stress can elicit a panting or shiv-
ering response, which increases maintenance
requirements of the animal and contributes to
decreases in productivity. Depending on the
domestic livestock species, longer term adaptive
responses include hair coat gain or loss through
growth and shedding processes, respectively. In
addition, heat stress is directly related to respira-
tion and sweating rate in most domestic animals
(Gaughan et al. 1999, 2000, and 2005).
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Production losses in domestic animals are large-
ly attributed to increases in aintenance require-
ment associated with sustaining a constant body
temperature, and altered feed intake (Mader et
al. 2002; Davis et al. 2003; Mader and Davis
2004). As a survival mechanism, voluntary
feed intake increases (after a one- to two-day
decline) under cold stress, and decreases almost
immediately under heat stress (NRC 1987).
Depending on the intensity and duration of the
environmental stress, voluntary feed intake can
average as much as 30 percent above normal
under cold conditions, to as much as 50 percent
below normal in hot conditions.

Domestic livestock are remarkable in their
adaptive ability. They can mobilize coping
mechanisms when challenged by environmental
stressors. However, not all coping capabilities
are mobilized at the same time. As a general
model for mammals of all species, respiration
rate serves as an early warning of increasing
thermal stress, and increases markedly above
a threshold as animals try to maintain homeo-
thermy by dissipating excess heat. At a higher
threshold, body temperature begins to increase
as a result of the animal’s inability to adequately
dissipate the excess heat load by increased
respiratory vaporization (Brown-Brandl et al.
2003; Davis et al. 2003; Mader and Kreikemeier
2006). There is a concomitant decrease in volun-
tary feed intake as body temperature increases,
which ultimately results in reduced performance
(i.e., production, reproduction), health and well-
being if adverse conditions persist (Hahn et al.
1992; Mader 2003).

Thresholds are species dependent, and affected
by many factors, as noted in Figure 2.9. For
shaded Bos taurus feeder cattle, Hahn (1999)
reported respiration rate as related to air tem-
perature typically shows increases above a
threshold of about 21°C, with the threshold for
increasing body temperature and decreasing
voluntary feed intake being about 25°C. Recent
studies (Brown-Brandl et al. 2006) clearly show
the influences of animal condition, genotype,
respiratory pneumonia, and temperament on
respiration rate of Bos taurus heifers.

Even though voluntary feed intake reduction
usually occurs on the first day of hot conditions,

Environmental
Stresses

STRES’

Intensity
Duration
Recovery
Normal
Behavior |
Animal Normal |
Responses Immunity
Normal
Physiology
Feedback R e ——
THRESHOLD
Conditioning
v Adaptation
Normal Nutrition
Function Life Stage

Figure 2.9. Response model for farm animals with thermal environmental

challenges (Hahn 1999).

the animals’ internal metabolic heat load gener-
ated by digesting existing rumen contents adds
to the increased external, environmental heat
load. Nighttime recovery also has been shown to
be an essential element of survival when severe
heat challenges occur (Hahn and Mader 1997;
Amundson et al. 2006). After about three days,
the animal enters the chronic response stage,
with mean body temperature declining slightly
and voluntary feed intake reduced in line with
heat dissipation capabilities. Diurnal body tem-
perature amplitude and phase remain altered.
These typical thermoregulatory responses,
when left unchecked during a severe heat wave
with excessive heat loads, can lead to impaired
performance or death (Hahn and Mader 1997;
Mader 2003).

2.2.4.1.1 Methods to Identify
Environmentally Stressed Animals

Temperature provides a measure of the sensible
heat content of air, and represents a major portion
of the driving force for heat exchange between
the environment and an animal. However, latent
heat content of the air, as represented by some
measure of the insensible heat content (e.g.,
dewpoint temperature), thermal radiation (short-
and long-wave), and airflow, also impacts the
total heat exchange. Because of the limitations
of air temperature alone as a measure of the ther-
mal environment, there have been many efforts
to combine the effects of two or more thermal
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measures representing the influence of sensible
and latent heat exchanges between the organism
and its environment. It is important to recognize
that all such efforts produce index values rather
than a true temperature (even when expressed
on a temperature scale). As such, an index value
represents the effect produced by the heat ex-
change process, which can alter the biological
response that might be associated with changes
in temperature alone. In the case of humans,
the useful effect is the sensation of comfort;
for animals, the useful effect is the impact on
performance, health, and well-being.

Contrary to the focus of human-oriented ther-
mal indices on comfort, the primary emphasis
for domestic animals has been on indices to
support rational environmental management
decisions related to performance, health, and
well-being. Hahn and Mader (1997), Hahn et
al. (1999), and Hahn et al. (2001) have used
retrospective climatological analyses to evaluate
the characteristics of prior heat waves causing
extensive livestock losses. Although limited
by lack of inclusion of wind speed and thermal
radiation effects, the Temperature-Humidity
Index (THI) has been a particularly useful tool
for profiling and classifying heat wave events
(Hahn and Mader 1997; Hahn et al. 1999). In
connection with extreme conditions associated
with heat waves, the THI has recently been used
to evaluate spatial and temporal aspects of their
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development (Hubbard et al. 1999; Hahn and
Mader 1997). For cattle in feedlots, a THI-based
classification scheme has also been developed to
assess the potential impact of heat waves (Hahn
etal. 1999) (Table 2.11). The classifications are
based on a retrospective analysis of heat waves
that have resulted in extensive feedlot cattle
deaths, using a THI-hours approach to assess
the magnitude (intensity x duration) of the heat
wave events that put the animals at risk. When
calculated hourly from records of temperature
and humidity, this classification scheme can
be used to compute cumulative daily THI-hrs
at or above the Livestock Weather Safety In-
dex (LWSI) thresholds for the “Danger” and
“Emergency” categories. The THI-hrs provide
a measure of the magnitude of daytime heat
load (intensity and duration), while the number
of hours below THI thresholds of 74 and 72
indicate the opportunity for nighttime recovery
from daytime heat.

As applied to Bos taurus feedlot cattle during the
1995 Nebraska-lowa heat wave event, evalua-
tion of records for several weather stations in the
region using the THI-hrs approach reinforced the
LWSI thresholds for the Danger and Emergency
categories of risk and possible death (Hahn and
Mader 1997). Based on that event, analysis in-
dicated that over a successive, three-day span,
15 or more THI-hrs per day above a THI base
level of 84 could be lethal for vulnerable animals

Table 2.11 Heat wave categories for Bos taurus feedlot cattle exposed to single heat wave events (Hahn et al.

1999).

Category

Descriptive Characteristics

Nighttime recovery

Duration

THI*-hrs 279

THI-hrs 284*

(hrs # 72 THI¥)

1. Slight Limited: 3-4 days 10-25/day None Good: 5-10 hr/night
2. Mild Limited: 3-4 days 18-40/day #5/day Some: 3-8 hr/night
3. Moderate More persistent . .
(4-6 days usual) 25-50/day #6/day Reduced: 1-6 hr/night
4.Strong Increased persistence NP .
(5-7 days) 33-65/day #6/day Limited: 0-4 hr/night
5.Severe Very persistent 3-15/day on 3 or more et (G .
(usually 6-8 days) 40-80/day e ke Very limited: 0-2 hr per night
& |BaEme Very persistent 50-100/day el .3 or Nil: #1 for 3 or more successive days
(usually 6-10+ days) more successive days

*Temperature Humidity Index (THI). Daily THI-hrs are the summation of the differences between the THI and the base level
at each hr of the day. For example, if the THI value at 1300 is 86.5 and the base level selected is 84, THI-hr = 2.5. The accumu-
lation for the day is obtained by summing all THI-hr > 84, and can exceed 24.
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(especially those that were ill, recently placed in
the feedlot, or nearing market weight). The ex-
treme daytime heat in 1995 was exacerbated by
limited nighttime relief (only a few hrs with THI
<74), high solar radiation loads (clear to mostly
clear skies), and low to moderate wind speeds
in the area of highest risk. During this same pe-
riod, for cattle in other locations enduring 20 or
more daily THI-hrs in the Emergency category
(THI > 84) over one or two days, the heat load
was apparently dissipated with minimal or no
mortality, although these environmental condi-
tions can markedly depress voluntary feed intake
(Hahn 1999; NRC 1981) with resultant reduced
performance.

Similar analysis of a single heat wave in August
1992 further confirmed that 15 or more THI-hrs
above a base level of 84 can cause deaths of vul-
nerable animals (Hahn et al. 1999). A contribut-
ing factor to losses during that event was lack of
acclimation to hot weather, as the summer had
been relatively cool. In the region under study,
only four years between 1887-1998 had fewer
days during the summer when air temperature
was > 32.2°C (High Plains Regional Climate
Center 2000).

There are limitations to the THI caused by
airflow and changing solar radiation loads.
Modifications to the THI have been proposed to
overcome shortcomings related to airflow and
radiation heat loads. Based on recent research,
Mader et al. (2006) and Eigenberg et al. (2005)
have proposed corrections to the THI for use
with feedlot cattle, based on measures of wind-
speed and solar radiation. While the proposed
adjustment-factor differences are substantial,
there were marked differences in the types and
number of animals used in the two studies. Nev-
ertheless, the approach appears to merit further
research to establish acceptable THI corrections,
perhaps for a variety of animal parameters.

By using body temperatures, a similar approach
was developed to derive an Apparent Equivalent
Temperature (AET) from air temperature and
vapor pressure to develop “thermal comfort
zones” for transport of broiler chickens (Mitch-
ell et al. 2001). Experimental studies to link the
AET with increased body temperature during
exposure to hot conditions indicated potential
for improved transport practices.

Gaughan et al. (2002) developed a Heat Load
Index (HLI) as a guide to management of
unshaded Bos taurus feedlot cattle during hot
weather (>28°C). The HLI was developed fol-
lowing observation of behavioral responses
(respiration rate and panting score) and changes
in dry-matter intake during prevailing thermal
conditions. The HL1I is based on humidity, wind-
speed, and predicted black globe temperature.
As a result of its demonstrated broad success,
the THI is currently the most widely accepted
thermal index used for guidance of strategic and
tactical decisions in animal management during
moderate to hot conditions. Biologic response
functions, when combined with likelihood of
occurrence of the THI for specific locations,
provide the basis for economic evaluation to
make cost-benefit comparisons for rational
strategic decisions among alternatives (Hahn
1981). Developing a climatology of summer
weather extremes (in particular, heat waves)
for specific locations also provides the livestock
manager with information about how often
those extremes (with possible associated death
losses) might occur (Hahn et al. 2001). The THI
has also served well for making tactical deci-
sions about when to apply available practices
and techniques (e.g., sprinkling) during either
normal weather variability or weather extremes,
such as heat waves. Other approaches, such as
the AET proposed by Mitchell et al. (2001) for
use in poultry transport, also may be appropri-
ate. An enthalpy-based alternative thermal index
has been suggested by Moura et al. (1997) for
swine and poultry.

Panting score is one observation method used
to monitor heat stress in cattle (Table 2.12). As
the temperature increases, cattle pant more to in-
crease evaporative cooling. Respiration dynam-
ics change as ambient conditions change, and
surroundings surfaces warm. This is a relatively
easy method for assessing genotype differences
and determining breed acclimatization rates to
higher temperatures. In addition, shivering score
or indices also have potential for use as thermal
indicators of cold stress. However, recent data
were not found regarding cold stress indicators
for domestic livestock.
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Table 2.12 Panting scores assigned to steers (Mader et al. 2006).

Score  Description

0 Normal respiration

| Elevated respiration

2 Moderate panting and/or presence of drool or a small amount of saliva

3 Heavy open-mouthed panting, saliva usually present

usually with neck extended forward

Severe open-mouthed panting accompanied by protruding tongue and excess salivation;

2.2.5 Episodes of Extreme Events

2.2.5.1 ELEVATED TEMPERATURE OR RAIN
FALL DEFICIT

Episodic increases in temperature would have
greatest effect when occurring just prior to, or
during, critical crop pollination phases. Crop
sensitivity and ability to compensate during
later, improved weather will depend on the
synchrony of anthesis in each crop; for ex-
ample, maize has a highly compressed phase of
anthesis, while spikelets on rice and sorghum
may achieve anthesis over a period of a week
or more. Soybean, peanut, and cotton will have
several weeks over which to spread the success
of reproductive structures. For peanut, the sensi-
tivity to elevated temperature for a given flower
extends from six days prior to opening (pollen
cell division and formation) up through the
day of anthesis (Prasad et al. 2001). Therefore,
several days of elevated temperature may affect
fertility of many flowers, whether still in their
formative 6-day phase or just achieving anthesis
today. In addition, the first six hours of the day
were more critical during pollen dehiscence,
pollen tube growth, and fertilization.

For rice, the reproductive processes that occur
within one to three hours after anthesis (dehis-
cence of the anther, shedding of pollen, germina-
tion of pollen grains on stigma, and elongation
of pollen tubes) are disrupted by daytime air
temperatures above 33°C (Satake and Yoshida
1978). Since anthesis occurs between about 9
a.m. and 11 a.m. in rice (Prasad et al. 2006h),
damage from temperatures exceeding 33°C may
already be common, and may become more
prevalent in the future. Pollination processes in
other cereals, maize, and sorghum may have a
similar sensitivity to elevated daytime tempera-

ture as rice. Rice and sorghum have the same
sensitivity of grain yield, seed harvest index,
pollen viability, and success in grain formation
in which pollen viability and percent fertility is
first reduced at instantaneous hourly air tem-
perature above 33°C, and reaches zero at 40°C
(Kim et al. 1996; Prasad et al. 2006a, 2006b).
Diurnal max/min, day/night temperatures of
40/30°C (35°C mean) can cause zero yield for
those two species, and the same response would
likely apply to maize.

2.2.5.2 INTENSE RAINFALL EVENTS
Historical data for many parts of the United
States indicate an increase in the frequency
of high-precipitation events (e.g., >5 cm in 48
hours), and this trend is projected to continue
for many regions. One economic consequence
of excessive rainfall is delayed spring planting,
which jeopardizes profits for farmers paid a
premium for early season production of high
value horticultural crops such as melon, sweet
corn, and tomatoes. Field flooding during the
growing season causes crop losses associated
with anoxia, increases susceptibility to root
diseases, increases soil compaction (due to use
of heavy farm equipment on wet soils), and
causes more runoff and leaching of nutrients
and agricultural chemicals into groundwater
and surface water. More rainfall concentrated
into high precipitation events will increase the
likelihood of water deficiencies at other times
because of the changes in rainfall frequency
(Hatfield and Prueger 2004). Heavy rainfall
is often accompanied by wind gusts in storm
events, which increases the potential for lodging
of crops. Wetter conditions at harvest time could
increase the potential for decreasing quality of
many crops.
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2.3 POSSIBLE FUTURE
CHANGES AND IMPACTS

2.3.1 Projections Based on
Increment of Temperature and
CO, for Crops

Using the representative grain crops — maize,

soybean, etc. — some expected effects resulting

from the projected rise in CO, of 380 to 440 ppm

along with a 1.2°C rise in temperature over the

next 30 years are explored.

The responsiveness of grain yield to temperature
is dependent on current mean temperatures dur-
ing the reproductive phase in different regions
(crops like soybean and maize are dominant in
both the Midwest and southern regions, while
others, like cotton, sorghum, and peanut, are
only grown in southern regions). Grain yield
response to CO, increase of 380 to 440 ppm
was 1.0 percent for C,, and 6.1 to 7.4 percent
for C5 species, except for cotton, which had 9.2
percent response.

For maize, under water sufficiency conditions
in the Midwest, the net yield response is -3.0
percent, assuming additivity of the -4.0 percent
from 1.2°C rise, and +1.0 percent from CO, of
380 to 440 ppm (Table 2.7). The response of
maize in the South is possibly more negative.
For soybean under water sufficiency in the
Midwest, net yield response is +9.9 percent,
assuming additivity of the +2.5 percent from
1.2°C rise above current 22.5°C mean, and +7.4
percent from CO, increase.

For soybean under water sufficiency in the
South, the temperature effect will be detrimen-
tal, -3.5 percent, with 1.2°C temperature incre-
ment above 26.7°C, with the same CO, effect,
giving a net yield response of +3.9 percent. For
wheat (with no change in water availability), the
net yield response would be +0.1 percent com-
ing from -6.7 percent with 1.2°C rise, and +6.8
percent increase from CO, increase. For rice
in the South, net yield response is -5.6 percent,
assuming additivity of the -12.0 percent from
1.2°C rise and +6.4 percent from CO, increase.
For peanut in the South, the net yield response
is +1.3 percent, assuming additivity of the -5.4
percent from 1.2°C rise and +6.7 percent from
CO, increase. For cotton in the South, the net
yield response is +3.5 percent, assuming ad-

ditivity of the -5.7 percent from 1.2°C rise and
+9.2 percent from CO, increase. The sorghum
response is less certain, although yield reduction
caused by shortening filling period is dominant,
giving a net yield decrease of 8.4 percent in the
South. Dry bean yield response in all regions is
less certain, with net effect of -2.5 percent, com-
ing from -8.6 percent response to 1.2°C rise and
+6.1 percent from CO, increase. The confidence
in CO, responses is likely to very likely, while
the confidence in temperature responses is gen-
erally likely, except for less knowledge concern-
ing maize and cotton sensitivity to temperature
when these responses are possible.

Projections of crop yield under water deficit
should start with the responses to temperature
and CO, for the water-sufficient cases. How-
ever, yield will likely be slightly increased to
the same extent (percentage) that increased
CO, causes reduction in ET but decreased to
the extent that rainfall is decreased (but that
requires climate scenarios and simulations not
presented in Table 2.7). Model simulations
with CROPGRO-Soybean with energy balance
option and stomatal feedback from CO, enrich-
ment (350 to 700 ppm, without temperature
increase) resulted in a 44 percent yield increase
for water-stressed crops compared to fully-
irrigated crops (32 percent). The yield incre-
ment was nearly proportional to the decrease in
simulated transpiration (11-16 percent). Based
on this assumption, the 380 to 440 ppm CO,
increment would likely further increase yield
of C; crops (soybean, rice, wheat, and cotton)
by an additional 1.4 to 2.1 percent (incremental
reduction in ET from CO, in Table 2.7). How-
ever, the projected 1.2°C would increase ET
by 1.8 percent, thereby partially negating this
water-savings effect of CO..

2.3.2 Projections for Weeds

Many weeds respond more positively to increas-
ing CO, than most cash crops, particularly C;
“invasive” weeds that reproduce by vegetative
means (roots, stolons, etc.) (Ziska and George
2004; Ziska 2003). Recent research also sug-
gests that glyphosate, the most widely used her-
bicide in the United States, loses its efficacy on
weeds grown at CO, levels that likely will occur
in the coming decades (Ziska et al. 1999). While
many weed species have the C, photosynthetic
pathway, and therefore show a smaller response
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to atmospheric CO, relative to C5 crops, in most
agronomic situations crops are in competition
with a mix of both C5 and C, weeds. In addition,
the worst weeds for a given crop are often simi-
lar in growth habit or photosynthetic pathway.
To date, for all weed/crop competition studies
where the photosynthetic pathway is the same,
weed growth is favored as CO, increases (Ziska
and Runion 2006).

The habitable zone of many weed species is
largely determined by temperature, and weed
scientists have long recognized the potential for
northward expansion of weed species’ ranges
as the climate changes (Patterson et al. 1999).
More than 15 years ago, Sasek and Strain (1990)
utilized climate model projections of the -20°C
minimum winter temperature zone to forecast
the northward expansion of kudzu (Pueraria
lobata, var. montana), an aggressive invasive
weed that currently infests more than one mil-
lion hectares in the southeastern U.S. While
temperature is not the only factor that could
constrain spread of kudzu and other invasive
weeds, a more comprehensive assessment of
potential weed species migration based on the
latest climate projections for the United States
seems warranted.

2.3.3 Projections for Insects and
Pathogens

Plants do not grow in isolation in agroecosys-
tems. Beneficial and harmful insects, microbes,
and other organisms in the environment will also
be responding to changes in CO, and climate.
Studies conducted in Western Europe and other
regions have already documented changes in
spring arrival and/or geographic range of many
insect and animal species due to climate change
(Montaigne 2004; Goho 2004; Walther et al.
2002). Temperature is the single most important
factor affecting insect ecology, epidemiology,
and distribution, while plant pathogens will be
highly responsive to humidity and rainfall, as
well as temperature (Coakley et al. 1999).

There is currently a clear trend for increased in-
secticide use in warmer, more southern regions
of the United States, compared to cooler, higher
latitude regions. For example, the frequency of
pesticide sprays for control of lepidopteran in-
sect pests in sweet corn currently ranges from 15
to 32 applications per year in Florida (Aerts et al.
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1999), to four to eight applications in Delaware
(Whitney et al. 2000), and zero to five applica-
tions per year in New York (Stivers 1999).
Warmer winters will likely increase populations
of insect species that are currently marginally
over-wintering in high latitude regions, such as
flea beetles (Chaetocnema pulicaria), which act
as a vector for bacterial Stewart’s Wilt (Erwinia
sterwartii), an economically important corn
pathogen (Harrington et al. 2001).

An overall increase in humidity and frequency
of heavy rainfall events projected for many parts
of the United States will tend to favor some
leaf and root pathogens (Coakley et al. 1999).
However, an increase in short- to medium-term
drought will tend to decrease the duration of leaf
wetness and reduce some forms of pathogen
attack on leaves.

The increasing atmospheric concentration of
CO, alone may affect plant-insect interactions.
The frequently observed higher carbon-to-
nitrogen ratio of leaves of plants grown at high
CO, (Wolfe 1994) can require increased insect
feeding to meet nitrogen (protein) requirements
(Coviellaand Trumble 1999). However, slowed
insect development on high CO,-grown plants
can lengthen the insect life stages vulnerable
to attack by parasitoids (Coviella and Trumble
1999). In a recent FACE study, Hamilton et al.
(2005) found that early season soybeans grown
at elevated CO, had 57 percent more damage
from insects, presumably due in this case to
measured increases in simple sugars in leaves
of high CO,-grown plants.

2.3.4 Projections for Rangelands

2.3.4.1 NET PRIMARY PRODUCTION AND
PLANT SPECIES CHANGES

By stimulating both photosynthesis and water
use efficiency, rising CO, has likely enhanced
plant productivity on most rangelands over the
past 150 years, and will likely continue to do so
over the next 30 years. The magnitude of this
response will depend on how CO, enrichment
affects the composition of plant communities
and on whether nutrient limitations to plant
growth develop as the result of increased carbon
input to rangelands. Increasing temperature will
likely have both positive and negative effects on
plant productivity, depending on the prevailing
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climate and the extent to which warmer tempera-
ture leads to desiccation. Like CO, enrichment,
warming will induce species shifts because of
differing species sensitivities and adaptabilities
to temperatures. Modeling exercises suggest
generally positive NPP responses of Great
Plains native grasslands to increases in CO, and
temperature projected for the next 30 years (Pep-
per et al. 2005; Parton et al. 2007a), a response
which is supported by experimental results
from shortgrass steppe (Morgan et al. 2004a).
An important exception to these findings is
California annual grasslands, where production
appears only minimally responsive to CO, or
temperature (Dukes et al. 2005). Alterations in
precipitation patterns will interact with rising
CO, and temperature, although uncertainties
about the nature of precipitation shifts, espe-
cially at regional levels, and the lack of multiple
global change experiments that incorporate CO,,
temperature and precipitation severely limit our
ability to predict consequences for rangelands.
However, if annual precipitation changes little
or declines in the southwestern United States
as currently predicted (Christensen et al. 2007),
plant production in rangelands of that region
may respond little to combined warming and
rising CO,, and may even decline due to in-
creased drought.

Plants with the C5 photosynthetic pathway, forbs
and possibly legumes will be favored by rising
CO,, although rising temperature and changes
in precipitation patterns may affect these func-
tional group responses to CO, (Morgan 2005;
Polley 1997). In general, plants that are less
tolerant of water stress than current dominants
may also be favored in future CO,-enriched
atmospheres where CO, significantly enhances
plant water use efficiency and seasonal avail-
able soil water (Polley et al. 2000). Deep-rooted
forbs and shrubs may be particularly favored
because of their strong carbon-allocation and
nitrogen-use strategies (Polley et al. 2000;
Bond and Midgley 2000; Morgan et al. 2007),
including the ability of their roots to access deep
soil water, which is predicted to be enhanced
in future CO,-enriched environments. Shifts
in precipitation patterns toward wetter winters
and drier summers, which are predicted to favor
woody shrubs over herbaceous vegetation in the
desert southwest (Neilson 1986), may reinforce

some of the predicted CO,-induced changes in
plant community dynamics. In grasslands of
the Northern Great Plains, enhanced winter pre-
cipitation may benefit the dominant cool-season,
C; grass species that rely on early-season soil
moisture to complete most of their growth by
late spring to early summer (Heitschmidt and
Haferkamp 2003). Greater winter precipita-
tion, in addition to rising CO,, may also benefit
woody plants that are invading many grasslands
of the central and northern Great Plains (Briggs
etal. 2005; Samson and Knopf 1994). However,
by itself, warmer temperature will tend to favor
C, species (Epstein et al. 2002), which may
cancel out the CO,-advantage of C; plants in
some rangelands.

There is already some evidence that climate
change-induced species changes are underway
in rangelands. The worldwide encroachment
of woody plants into grasslands remains one
of the best examples of the combined effects
of climate change and management in driving
a species change that has had a tremendous
negative impact on the range livestock industry.
In the southwestern arid and semi-arid grass-
lands of the United States, mesquite (Prosopis
glandulosa) and creosote (Larrea tridentate)
bushes have replaced most of the former warm
season, perennial grasses (Figure 2.10), whereas
in more mesic grasslands of the Central Great
Plains, trees and large shrubs are supplanting C;
grasslands (Figure 2.11). While both of these
changes are due to complex combinations of
management (grazing and fire) and a host of
environmental factors (Briggs et al. 2005; Pe-
ters et al 2006), evidence is accumulating that
rising CO, and climate change are very likely
important factors influencing these transitions
(Briggs et al. 2005; Knapp et al. 2001; Polley et
al. 2002; Morgan et al. 2007; Peters et al. 2006;
Polley 1997). In contrast, the observed loss of
woody species and spread of the annual grass
Bromus tectorum (cheatgrass) throughout the
Intermountain region of western North America
also appears driven at least in part by the species
sensitivity to rising atmospheric CO, (Smith
et al. 2000; Ziska et al. 2005), and has altered
the frequency and timing of wildfires, reducing
establishment of perennial herbaceous species
by pre-empting soil water early in the growing
season (Young 1991).
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Figure 2.10 Today, in most areas of the Chihuahan desert, mesquite bushes have largely replaced perennial,
warm-season grasses that dominated this ecosystem two centuries ago (photograph courtesy of Jornada

Experimental Range photo gallery).

2.3.4.2 LOCAL AND SHORT-TERM CHANGES « Effects of CO, enrichment on species com-
Our ability to predict vegetation changes at local position and the rate of species change will
scales and over shorter time periods is more lim- very likely be greatest in disturbed or early-
ited because at these scales the response of veg- successional communities where nutrient
etation to global changes depends on a variety of and light availability are high and species
local processes, including soils and disturbance change is influenced largely by growth-
regimes, and how quickly various species can related parameters (e.g., Polley et al. 2003).
disperse seeds across sometimes fragmented

landscapes. Nevertheless, patterns of vegetation + Weedy and invasive plant species likely will
response are beginning to emerge. be favored by CO, enrichment (Smith et al.
2000; Morgan et al. 2007) and perhaps by
other global changes because these species

* Directional shifts in the composition of veg-

etation occur most consistently when global
change treatments alter water availability
(Polley et al. 2000; Morgan et al. 2004b).

possess traits (rapid growth rate, prolific
seed production) that permit a large growth
response to CO,.

« CO, enrichment will likely accelerate
the rate of successional change in species
composition following overgrazing or other
severe disturbances (Polley et al. 2003).

* Plants do not respond as predictably to
temperature or CO, as to changes in water,
N, and other soil resources (Chapin et al.
1995). Progress in predicting the response
of vegetation to temperature and CO, thus
may require a better understanding of
indirect effects of global change factors on
soil resources. At larger scales, effects of
atmospheric and climatic change on fire
frequency and intensity and on soil water and
N availability will likely influence botanical

Figure 2.11 Gleditsia triacanthos tree islands in Kansas tallgrass prairie
(photograph courtesy of Alan K. Knapp).
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composition to a much greater extent than
global change effects on production. (See
Chapter 3, Arid Lands Section for a more
complete discussion on the interactions and
implications of fire ecology, invasive weeds,
and global change for rangelands.)

* Rangeland vegetation will very likely be
influenced more by management practices
(land use) than by atmospheric and climatic
change. Global change effects will be super-
imposed on and modify those resulting from
land use patterns in ways that are as of yet
uncertain.

2.3.4.3 FORAGE QUALITY

2.3.4.3.1 Plant-animal Interface

Animal production on rangelands, as in other
grazing systems, depends on the quality as well
as the quantity of forage. Key quality parameters
for rangeland forage include fiber content and
concentrations of crude protein, non-structural
carbohydrates, minerals, and secondary toxic
compounds. Ruminants require forage with at
least 7 percent crude protein (as a percentage of
dietary dry matter) for maintenance, 10-14 per-
cent protein for growth, and 15 percent protein
for lactation. Optimal rumen fermentation also
requires a balance between ruminally-available
protein and energy. The rate at which digesta
pass through the rumen decreases with increas-
ing fiber content, which depends on the fiber
content of forage. High fiber content slows
passage and reduces animal intake.

2.3.4.3.2 Climate Change Effects on Forage
Quality
Based on expected vegetation changes and
known environmental effects on forage protein,
carbohydrate, and fiber contents, both positive
and negative changes in forage quality are pos-
sible as a result of atmospheric and climatic
change (Table 2.13). Non-structural carbohy-
drates can increase under elevated CO, (Read et
al. 1987), thereby potentially enhancing forage
quality. However, plant N and crude protein
concentrations often decline in CO,-enriched
atmospheres, especially when plant production
is enhanced by CO,. This reduction in crude
protein reduces forage quality and counters the
positive effects of CO, enrichment on plant
production and carbohydrates (Cotrufo et al.
1998; Milchunas et al. 2005). Limited evidence
suggests that the decline is greater when soil ni-
trogen availability is low than high (Bowler and
Press 1996; Wilsey 1996), implying that rising
CO, possibly reduces the digestibility of forages
that are already of poor quality for ruminants.
Experimental warming also reduces tissue N
concentrations (Wan et al. 2005), but reduced
precipitation typically has the opposite effect.
Such reductions in forage quality could possibly
have pronounced negative effects on animal
growth, reproduction, and mortality (Milchunas
et al. 2005; Owensby et al. 1996), and could
render livestock production unsustainable un-
less animal diets are supplemented with N (e.g.,
urea, soybean meal). On shortgrass steppe, for
example, CO, enrichment reduced the crude
protein concentration of autumn forage below

Table 2.13 Potential changes in forage quality arising from atmospheric and climatic change.

Examples of positive effects

Change on forage quality Examples of negative effects on forage quality

Life-form distributions Decrease in proportion of woody Increase in the proportion of woody species because of
shrubs and increase in grasses in elevated CO,, increases in rainfall event sizes and longer
areas with increased fire frequency. | intervals between rainfall events.

Species or functional group Possible increase in C; grasses Increase in the proportion of C,4 grasses relative to Cs

distributions relative to C,4 grasses at elevated grasses at higher temperatures. Increase in abundance
CO,. of perennial forb species or perennial grasses of low

digestibility at elevated CO,. Increase in poisonous or
weedy plants.

Plant biochemical properties | Increase in non-structural Decrease in crude protein content and digestibility of

carbohydrates at elevated CO,. forage at elevated CO, or higher temperatures. No
Increase in crude protein content of | change or decrease in crude protein in regions with more
forage with reduced rainfall. summer rainfall.
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critical maintenance levels for livestock in three
out of four years and reduced the digestibility
of forage by 14 percent in mid-season and by
10 percent in autumn (Milchunas et al. 2005).
Significantly, the grass most favored by CO,
enrichment also had the lowest crude protein
concentration. Plant tissues that re-grow follow-
ing defoliation generally are of higher quality
than older tissue, so defoliation could ameliorate
negative effects of CO, on forage quality. This
however did not occur on shortgrass steppe
(Milchunas et al. 2005). Changes in life forms,
species, or functional groups resulting from
differential responses to global changes will
very likely vary among rangelands depending
on the present climate and species composition,
with mixed consequences for domestic livestock
(Table 2.13).

2.3.5 Climatic Influences on
Livestock

Climate changes, as suggested by some GCMs,
could impact the economic viability of livestock
production systems worldwide. Surrounding
environmental conditions directly affect mecha-
nisms and rates of heat gain or loss by all ani-
mals (NRC 1981). Lack of prior conditioning to
weather events most often results in catastrophic
losses in the domestic livestock industry. In the
central U.S. in 1992, 1995, 1997, 1999, 2005,
and 2006, some feedlots (intensive cattle feed-
ing operations) lost in excess of 100 head each
during severe heat episodes. The heat waves of
1995 and 1999 were particularly severe with
documented cattle losses in individual states
approaching 5,000 head each year (Hahn and
Mader 1997; Hahn et al. 2001). The intensity
and/or duration of the 2005 and 2006 heat waves
were just as severe as the 1995 and 1999 heat
waves, although the extent of losses could not
be adequately documented.

The winter of 1996-97 also caused hardship for
cattle producers because of greater than normal
snowfall and wind velocity, with some feedlots
reporting losses in excess of 1,000 head. During
that winter, up to 50 percent of the newborn
calves were lost, and more than 100,000 head
of cattle died in the Northern Plains of the
United States.

Additional snowstorm losses were incurred with
the collapse of and/or loss of power to buildings

Chapter 2

that housed confined domestic livestock. Early
snowstorms in 1992 and 1997 resulted in the
loss of more than 30,000 head of feedlot cattle
each year in the southern plains of the United
States (Mader 2003).

Economic losses from reduced cattle perfor-
mance (morbidity) likely exceed those associ-
ated with cattle death losses by several-fold
(Mader 2003). In addition to losses in the 1990s,
conditions during the winter of 2000-2001
resulted in decreased efficiencies of feedlot
cattle in terms of overall gain and daily gain of
approximately 5 and 10 percent, respectively,
from previous years as a result of late autumn
and early winter moisture, combined with pro-
longed cold stress conditions (Mader 2003). In
addition, the 2006 snowstorms, which occurred
in the southern plains around year end, appear to
be as devastating as the 1992 and 1997 storms.
These documented examples of how climate
can impact livestock production illustrate the
potential for more drastic consequences of
increased variability in weather patterns, and
extreme events that may be associated with
climate change.

2.3.5.1 POTENTIAL IMPACT OF CLIMATE
CHANGE ON LIVESTOCK

The risk potential associated with livestock pro-
duction systems due to global warming can be
characterized by levels of vulnerability, as influ-
enced by animal performance and environmen-
tal parameters (Hahn 1995). When combined
performance level and environmental influences
create a low level of vulnerability, there is little
risk. As performance levels (e.g., rate of gain,
milk production per day, eggs/day) increase,
the vulnerability of the animal increases and,
when coupled with an adverse environment, the
animal is at greater risk. Combining an adverse
environment with high performance pushes the
level of vulnerability and consequent risk to
even higher levels. Inherent genetic character-
istics or management scenarios that limit the
animal’s ability to adapt to or cope with envi-
ronmental factors also puts the animal at risk. At
very high performance levels, any environment
other than near-optimal may increase animal
vulnerability and risk.

The potential impacts of climatic change on
overall performance of domestic animals can be
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determined using defined relationships between
climatic conditions and voluntary feed intake,
climatological data, and GCM output. Because
ingestion of feed is directly related to heat pro-
duction, any change in voluntary feed intake
and/or energy density of the diet will change
the amount of heat produced by the animal
(Mader et al. 1999b). Ambient temperature has
the greatest influence on voluntary feed intake.
However, individual animals exposed to the
same ambient temperature will not exhibit the
same reduction in voluntary feed intake. Body
weight, body condition, and level of production
affect the magnitude of voluntary feed intake
and ambient temperature at which changes in
voluntary feed intake begin to be observed.
Intake of digestible nutrients is most often the
limiting factor in animal production. Animals
generally prioritize available nutrients to support
maintenance needs first, followed by growth or
milk production, and then reproduction.

Based on predicted climate outputs from GCM
scenarios, production and response models
for growing confined swine and beef cattle,
and milk-producing dairy cattle have been
developed (Frank et al. 2001). The goal in the
development of these models was to utilize
climate projections — primarily average daily
temperature — to generate an estimate of direct
climate-induced changes in daily voluntary feed
intake and subsequent performance during sum-
mer in the central portion of the United States
(the dominant livestock producing region of
the country), and across the entire country. The
production response models were run for one
current (pre-1986 as baseline) and two future
climate scenarios: doubled CO, (~2040) and
a triple of CO, (~2090) levels. This data base
employed the output from two GCMs - the
Canadian Global Coupled (CGC) Model, Ver-
sion I, and the United Kingdom Meteorological
Office/Hadley Center for Climate Prediction and
Research model — for input to the livestock pro-
duction/response models. Changes in production
of swine and beef cattle data were represented
by the number of days to reach the target weight
under each climate scenario and time period.
Dairy production is reported in kilograms of
milk produced per cow per season. Details of
this analysis are reported by Frank (2001) and
Frank et al. (2001).

In the central U.S. (MINK region = Missouri,
lowa, Nebraska, and Kansas), days-to-slaughter
weight for swine associated with the CGC
2040 scenario increased an average of 3.7
days from the baseline of 61.2 days. Potential
losses under this scenario averaged 6 percent
and would cost swine producers in the region
$12.4 million annually. Losses associated with
the Hadley scenario are less severe. Increased
time-to-slaughter weight averaged 1.5 days, or
2.5 percent, and would cost producers $5 million
annually. For confined beef cattle reared in the
central U.S., time-to-slaughter weight associated
with the CGC 2040 scenario increased 4.8 days
(above the 127-day baseline value) or 3.8 per-
cent, costing producers $43.9 million annually.
Climate changes predicted by the Hadley model
resulted in loss of 2.8 days of production, or
2.2 percent. For dairy, the projected CGC 2040
climate scenario would result in a 2.2 percent
(105.7 kg/cow) reduction in milk output, and
cost producers $28 million annually. Produc-
tion losses associated with the Hadley scenarios
would average 2.9 percent and cost producers
$37 million annually. Figures 2.12, 2.13, and
2.14 indicate predicted changes in productivity
in swine, beef and dairy, respectively, for the
various regions of the United States.

Across the entire United States, percent increase
in days to market for swine and beef, and the
percent decrease in dairy milk production for
the 2040 scenario, averaged 1.2 percent, 2.0
percent, and 2.2 percent, respectively, using
the CGC model, and 0.9 percent, 0.7 percent,
and 2.1 percent, respectively, using the Had-
ley model. For the 2090 scenario, respective
changes averaged 13.1 percent, 6.9 percent,
and 6.0 percent using the CGC model, and 4.3
percent, 3.4 percent, and 3.9 percent using the
Hadley model. In general, greater declines in
productivity are found with the CGC model than
with the Hadley model. Swine and beef produc-
tion were affected most in the south-central and
southeastern United States. Dairy production
was affected the most in the U.S. Midwest and
Northeast regions.

In earlier research, Hahn et al. (1992) also de-
rived estimates of the effects of climate change
of swine growth rate and dairy milk production
during summer, as well as other periods during
the year. In the east-central United States, per
animal milk production was found to decline
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388 kg (~4 percent) for a July through April
production cycle, and 219 kg (~2.2 percent) for
an October through July production cycle as a
result of global warming. Swine growth rate in
this same region was found to decline 26 percent
during the summer months, but increased nearly
12 percent during the winter months as a result
of global warming. Approximately one-half of
these summer domestic livestock production
declines are offset by improvements in pro-
ductivity during the winter. In addition, high
producing animals will most likely be affected
to a greater extent by global climate change than
-1.7% animals with lower production levels.

Figure 2.12 Percent change from baseline to 2040 of days for swine to . . . .
grow from 50 to 110 kg, beginning June | under CGC (bold text) and Hadley A Production area in which global climate

(italicized text) modeled climate (Frank 2001; Frank et al. 2001). change may have negative effects that are not
offset by positive winter effects is conception
-2.29, rates, particularly in instances when the breed-

-2.9% -3.0% ing season primarily occurs in the spring and
summer months. (This will particularly affect

cattle.)

-3.2% Hahn (1995) reported that conception rates in
-1.8% dairy cows were reduced 4.6 percent for each
unit change when the THI reaches above 70.
Amundson et al. (2005) reported a decrease in

-1.49 -

-2.29, . By (y/o pregnancy rat_es of Bo§ taurus cattle of 3.2 per
-2.59% -2 70 cent for each increase in average THI above 70,
and a decrease of 3.5 percent for each increase

-1.4% in average temperature above 23.4°C. These

Figure 2.13 Numerical values represent changes in beef productivity data were obtained from beef cows in a range
based on the number of days required to reach finish weights from baseline ~ OF Pasture management system. Amundson et al.
to 2040, beginning June | under CGC (bold text) and Hadley (italicized ~ (2006) also reported that of the environmental

text) modeled climate (Frank 2001; Frank et al. 2001). variables studied, minimum temperature had the
greatest influence on the percent of cows getting
0.1% pregnant. Clearly, increases in temperature and/

-2.4% -2.4% or humidity have the potential to affect con-
ception rates of domestic animals not adapted
to those conditions. Summertime conception
rates are considerably lower in the Gulf States
-0.1% compared with conception rates in the Northern

-0.2% Plains (Sprott et al. 2001).

In an effort to maintain optimum levels of

-0.1% '5-72/0 production, climate change will likely result in
-0.2% -0.2% livestock producers selecting breeds and breed
types that have genetically adapted to conditions

-0.8% that are similar to those associated with the

Figure 2.14 Percent change of kg fat-corrected milk (FCM) yield/cow/ climate change. However, in warmer climates,
season (June | to October 31) from baseline to 2040, under CGC (bold ~ Preeds that are found to be more heat tolerant
text) and Hadley (italicized text) modeled climate (Frank 2001; Frank et ~ are generally those that have lower productivity

al. 2001). levels, which is likely the mechanism by which
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they were able to survive as a dominant regional
breed. In addition, climate change and associ-
ated variation in weather patterns will likely
result in more livestock being managed in or
near facilities that have capabilities for impos-
ing microclimate modifications (Mader et al.
19974, 1999a; Gaughan et al. 2002). Domestic
livestock, in general, can cope with or adapt to
gradual changes in environmental conditions;
however, rapid changes in environmental condi-
tions or extended periods of exposure to extreme
conditions drastically reduce productivity and
are potentially life threatening.

Estimates of livestock production efficiency
suggest that negative effects of hotter weather
in summer outweigh positive effects of warmer
winters (Adams et al. 1999). The largest change
occurred under a 5°C increase in temperature,
when livestock yields fell by 10 percent in
cow-calf and dairy operations in Appalachia,
the Southeast, Mississippi Delta, and southern
Plains regions of the United States. The smallest
change was one percent under 1.5°C warming
in the same regions.

Another area of concern is the influence of cli-
mate change on diseases and parasites that affect
domestic animals. Incidences of disease, such
as bovine respiratory disease, are known to be
increasing (Duff and Gaylean 2007). However,
causes for this increase can be attributed to a
number of non-environmentally related factors.
As for parasites, similar insect migration and
over-wintering scenarios observed in cropping
systems may be found for some parasites that
affect livestock.

Baylis and Githeko (2006) describe the potential
of how climate change could affect parasites and
pathogens, disease hosts, and disease vectors for
domestic livestock. The potential clearly exists
for increased rate of development of pathogens
and parasites due to spring arriving earlier and
warmer winters that allow greater prolifera-
tion and survivability of these organisms. For
example, bluetongue was recently reported in
Europe for the first time in 20 years (Baylis and
Githeko 2006). Warming and changes in rainfall
distribution may lead to changes in spatial or
temporal distributions of those diseases sensitive
to moisture such as anthrax, blackleg, haemor-
rhagic septicaemia, and vector-borne diseases.

However, these diseases, as shown by climate-
driven models designed for Africa, may decline
in some areas and spread to others (Baylis and
Githeko 2006).

2.4 OBSERVING/MONITORING
SYSTEMS

2.4.1 Monitoring Relevant to Crops

2.4.1.1 ENVIRONMENTAL STRESS ON CROP
PRODUCTION

Stress symptoms on crop production include
warmer canopies associated with increased CO,
(but the increment may be too small to detect
over 30 years), smaller grain size or lower test
weight from heat stress, more failures of pollina-
tion associated with heat stress, and greater vari-
ability in crop production. However, elevated
CO, will have a helpful effect via reduced water
consumption.

Heat stress could potentially be monitored by
satellite image processing over the 30-year span,
but causal factors for crop foliage temperature
need to be properly considered (temporary water
deficit from periodic low rainfall periods, effects
of elevated CO, to increase foliage tempera-
ture, direct effects of elevated air temperature,
offset by opposite effect from prolonged water
extraction associated with CO,-induced water
conservation). Increased variability in crop yield
and lower test weight associated with greater
weather variability relative to thresholds for
increased temperature can be evaluated both at
the buying point, and by using annual USDA
crop statistics for rainfed crops. Assessments
of irrigated crops can be done in the same way,
but with less expectation of water deficit as a
causal factor for yield loss. The extent of water
requirement for irrigated crops could be moni-
tored by water management district records and
pumping permits, but the same issue is present
for understanding the confounding effects of
temperature, radiation, vapor pressure deficit,
rainfall, and CO, effects.

2.4.1.2 PHENOLOGICAL RESPONSES TO
CLIMATE CHANGE

A recent analysis of more than 40 years of

spring bloom data from the northeastern United

States, the “lilac phenology network,” which

was established by the USDA in the 1960s, pro-

vided robust evidence of a significant biological
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response to climate change in the region during
the latter half of the 20th century (Wolfe et al.
2005).

2.4.1.3 CROP PEST RANGE SHIFTS IN
COLLABORATION WITH
INTEGRATED PEST MANAGEMENT
(IPM) PROGRAMS
IPM specialists, and the weather-based weed,
insect, and pathogen models they currently
utilize, will provide an important link between
climate science and the agricultural commu-
nity. The preponderance of evidence indicates
an overall increase in the number of outbreaks
and northward migration of a wide variety of
weeds, insects, and pathogens. The existing IPM
infrastructure for monitoring insect and disease
populations could be particularly valuable for
tracking shifts in habitable zone of potential
weed, insect, and disease pests, and for forecast-
ing outbreaks.

2.4.2 Monitoring Relevant to
Pasturelands

Efforts geared toward monitoring the long-term
response of pasturelands to climate change
should be as comprehensive as possible. When
possible, monitoring efforts should include
observation of vegetation dynamics, grazing
regimes, animal behavior (e.g., indicators of
animal stress to heat), mutualistic relationships
(e.g., plant-root nematodes; N-fixing organ-
isms), and belowground processes, such as
development and changes in root mass, carbon
inputs and turnover, nutrient cycling, and water
balance. To augment their value, these studies
should include use of simulation modeling in
order to test hypotheses regarding ecosystem
processes as affected by climate change. The
development of protocols for monitoring the
response of pasturelands to climate change
should be coordinated with the development of
protocols for rangelands and livestock.

2.4.3 Monitoring Relevant to
Rangelands

Soil processes are closely linked to rangeland
productivity and vegetation dynamics. As a
result, future efforts to track long-term range-
land-vegetation responses to climate change
and CO, should also involve monitoring efforts
directed toward tracking changes in soils. While
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considerable progress has been made in the ap-
plication of remote sensing for monitoring plant
phenology and productivity, there remains a
need for tracking critical soil attributes, which
will be important in driving ecological responses
of rangelands to climate change.

Nationwide, rangelands cover a broad expanse
and are often in regions with limited accessi-
bility. Consequently, ranchers and public land
managers need to periodically evaluate range
resources (Sustainable Rangeland Roundtable
Members 2006). Monitoring of rangelands via
remote sensing is already an important research
activity, albeit with limited rancher acceptance
(Butterfield and Malmstrom 2006). A variety of
platforms are currently being evaluated, from
low-flying aerial photography (Booth and Cox
2006) to satellite imagery (Afinowicz et al.
2005; Everitt et al. 2006; Phillips et al. 2006;
Weber 2006), plus hybrid approaches (Afino-
wicz et al. 2005) for use in evaluating a variety
of attributes considered important indicators of
rangeland health — plant cover and bare ground,
presence of important plant functional groups
or species — documenting changes in plant
communities including weed invasion, primary
productivity, and forage N concentration.

Although not explicitly developed for global
change applications, the goal of many of these
methodologies to document changing range con-
ditions suggests tools that could be employed for
tracking vegetation change in rangelands, and
correlated to climatic or CO, data, as done by
Knapp et al. (2001). For example, state-and-tran-
sition models (Bestelmeyer et al. 2004; Briske
et al. 2005) could be expanded to incorporate
knowledge of rangeland responses to global
change. Integration of those models with exist-
ing monitoring efforts and plant developmental
data bases, such as the National Phenology
Network, could provide a cost-effective moni-
toring strategy for enhancing knowledge of how
rangelands are being impacted by global change,
as well as offering management options.

Fundamental soil processes related to nutrient
cycling — which may ultimately determine how
rangeland vegetation responds to global change
— are more difficult to assess. At present, there
are no easy and reliable means by which to
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accurately ascertain the mineral and carbon state
of rangelands, particularly over large land areas.
The Natural Resources Conservation Service
(NRCS) National Soil Characterization Data
Base is an especially important baseline of soils
information that can be useful for understand-
ing how soils might respond to climate change.
However, this data base does not provide a
dynamic record of responses through time.
Until such information is easily accessible, or
reliable methodologies are developed for moni-
toring rangeland soil properties, predictions of
rangeland responses to future environments will
be limited. However, much can be ascertained
about N cycling responses to global change from
relatively easily determined measures of leaf-N
chemistry (Pefiuelas and Estiarte 1997). As a
result, sampling of ecologically important target
species in different rangeland ecosystems would
be a comparatively low-cost measure to monitor
biogeochemical response to global change.
2.5 INTERACTIONS AMONG
SYSTEMS

2.5.1 Climate Change and
Sustainability of Pasturelands
The current land use system in the United States
requires high resource inputs, from the use of
synthetic fertilizer on crops to the transport of
crops to animal feeding operations. In addition
to being inefficient with regard to fuel use, this
system creates environmental problems from
erosion to high nutrient degradation of water
supplies. Recently, scientists have been exam-
ining the potential for improved profitability
and improved sustainability with a conversion
to integrated crop-livestock farming systems
(Russelle et al. 2007). This could take many
forms. One possible scenario involves grain
crops grown in rotation with perennial pasture
that also integrates small livestock operations
into the farming system. Planting of perennial
pastures decreases nitrate leaching and soil ero-
sion, and planting of perennial legumes also
reduces the need for synthetic N fertilizer. Di-
versifying crops also reduces incidence of pests,
diseases, and weeds, imparting resilience to the
agro-ecosystem. This resilience will become
increasingly important as a component of farm
adaptation to climate change.

2.6 FINDINGS AND

CONCLUSIONS
2.6.1 Crops
2.6.1.1 GRAIN AND OILSEED CROPS

Crop yield response to temperature and CO, for
maize, soybean, wheat, rice, sorghum, cotton,
peanut, and dry bean in the United States was
assembled from the scientific literature. Cardinal
base, optimum, and upper failure-point tem-
peratures for crop development, vegetative, and
reproductive growth and slopes-of-yield decline
with increase in temperature were reviewed. In
general, the optimum temperature for reproduc-
tive growth and development is lower than that
for vegetative growth. Consequently, life cycle
will progress more rapidly, especially given a
shortened grain-filling duration and reduced
yield as temperature rises. Furthermore, these
crops are characterized by an upper failure-point
temperature at which pollination and grain-set
processes fail. Considering these aspects, the
optimum mean temperature for grain yield
is fairly low for the major agronomic crops:
18-22°C for maize, 22-24°C for soybean, 15°C
for wheat, 23-26°C for rice, 25°C for sorghum,
25-26°C for cotton, 20-26°C for peanut, 23-24°C
for dry bean, and 22-25°C for tomato.

Without the benefit of CO,, the anticipated
1.2°C rise in temperature over the next 30 years
is projected to decrease maize, wheat, sorghum,
and dry bean yields by 4.0, 6.7, 9.4, and 8.6
percent, respectively, in their major production
regions. For soybean, the 1.2°C temperature
rise will increase yield 2.5 percent in the Mid-
west where temperatures during July, August,
September average 22.5°C, but will decrease
yield 3.5 percent in the South, where mean
temperature during July, August, and September
averages 26.7°C. Likewise, in the South, that
same mean temperature will result in reduced
rice, cotton, and peanut yields, which will de-
crease 12.0, 5.7, and 5.4 percent, respectively.
An anticipated CO, increase from 380 to 440
ppm will increase maize and sorghum yield by
only 1 percent, whereas the listed C;5 crops will
increase yield by 6.1 to 7.4 percent, except for
cotton, which shows a 9.2 percent increase. The
response to CO, was developed from interpola-
tion of extensive literature summarization of

Diversifying crops
also reduces
incidence of pests,
diseases, and
weeds, imparting
resilience to the
agro-ecosystem.
This resilience will
become increasingly
important as a
component of farm
adaptation to climate
change.
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response to ambient versus doubled CO,. The
net effect of rising temperature and CO, on yield
will be maize (-3.0 percent), soybean (Midwest,
+9.9 percent; South, +3.9 percent), wheat (+0.1
percent), rice (-5.6 percent), sorghum (-8.4
percent), cotton (+3.5 percent), peanut (+1.3
percent), and dry bean (-2.5 percent). The CO,-
induced decrease in measured ET summarized
from chamber and FACE studies, from 380 to
440 ppm, gives a fairly repeatable reduction
in ET of 1.4 to 2.1 percent, although the 1.2°C
rise in temperature would increase ET by 1.8
percent, giving an unimportant net -0.4 to +0.3
percent reduction in ET. This effect could lead
to a further small -0.4 to +0.3 percent change in
yield under rainfed production. A similar small
change in crop water requirement will occur
under irrigated production.

Thus, the benefits of CO, rise over the next 30
years mostly offset the negative effects of tem-
perature for most C5 crops except rice and bean,
while the C, crop yields are reduced by rising
temperature because they have little response
to the CO, rise. The two factors also nearly
balance out on crop transpiration requirements.
Thus, the 30-year outlook for crop production
is relatively neutral. However, the outlook for
the next 100 years would not be as optimistic, if
rise in temperature and CO, continue, because
the C; response to rising CO, is reaching a satu-
rating plateau, while the negative temperature
effects will become progressively more severe.
There are continual changes in the genetic
resources of crop varieties and horticultural
crops that will provide increases in yield due to
increased resistance to water and pest stresses.
These need to be considered in any future as-
sessments of the climatic impacts; however,
the genetic modifications have not altered the
basic temperature response or CO, response of
the biological system.

As temperature rises, crops will increas-
ingly begin to experience upper failure point
temperatures, especially if climate variability
increases and if rainfall lessens or becomes more
variable. Under this situation, yield responses
to temperature and CO, would move more to-
ward the negative side. Despite increased CO,-
responsiveness of photosynthesis/biomass as
temperature increases, there were no published
beneficial interactions of increased CO, upon
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grain yield as temperature increased because
temperature effects on reproductive processes,
especially pollination, are so dominant. On the
other hand, there are cases of negative interac-
tions on pollination associated with the rise in
canopy temperature caused by lower stomatal
conductance. For those regions and crops where
climate change impairs reproductive develop-
ment because of an increase in the frequency
of high temperature stress events (e.g., >35°C),
the potential beneficial effects of elevated CO,
on yield may not be fully realized.

No direct conclusions were made relative to
anticipated effects of rainfall change on crop
production. Such assessment requires use of
global climate models and the climate outputs
to be directed as inputs to crop growth models to
simulate production for the different crops.

2.6.1.2 HORTICULTURAL CROPS

Although horticultural crops account for more
than 40 percent of total crop market value in
the United States (2002 Census of Agriculture),
there is relatively little information on their re-
sponse to CO,, and few reliable crop simulation
models for use in climate change assessments
compared to that which is available for major
grain and oilseed crops. The marketable yield
of many horticultural crops is likely to be more
sensitive to climate change than grain and oil-
seed crops because even short-term, minor en-
vironmental stresses can negatively affect visual
and flavor quality. Perennial fruit and nut crop
survival and productivity will be highly sensitive
to winter, as well as summer, temperatures.

2.6.2 Weeds

The potential habitable zone of many weed spe-
cies is largely determined by temperature. For
example, kudzu (Pueraria lobata, var. montana)
is an aggressive species that has a northern range
currently constrained by the -20°C minimum
winter temperature isocline. While other factors
such as moisture and seed dispersal will affect
the spread of invasive weeds such as kudzu,
climate change is likely to lead to a northern
migration in at least some cases.

Many weeds respond more positively to increas-
ing CO, than most cash crops, particularly C,
invasive weeds that reproduce by vegetative
means (roots, stolons, etc.). Recent research
also suggests that glyphosate loses its efficacy
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on weeds grown at elevated CO,. While there
are many weed species that have the C, photo-
synthetic pathway and therefore show a smaller
response to atmospheric CO, relative to C,
crops, in most agronomic situations, crops are
in competition with a mix of both C; and C,
weeds.

2.6.3 Insects and Disease Pests

In addition to crops and weeds, beneficial and
harmful insects, invasives, microbes and other
organisms present in agroecosystems will be
responding to changes in CO, and climate.
Numerous studies have already documented
changes in spring arrival, over-wintering, and/
or geographic range of several insect and animal
species due to climate change. Disease pres-
sure from leaf and root pathogens may increase
in regions where increases in humidity and
frequency of heavy rainfall events are projected,
and decrease in regions projected to encounter
more frequent drought.

2.6.4 Pasturelands

Today, pasturelands in the United States extend
over 117 million acres; however, the area under
pasturelands has experienced an 11 percent
decrease over the last 25 years due mainly to
expansion of urban areas. Consequently, future
reductions in pastureland area will require an
increase in pasture productivity in order to meet
production needs.

In general, pasture species have been less
studied than cropland species in terms of their
response to climate change variables including
atmospheric CO, concentration, temperature,
and precipitation. Pastureland response to cli-
mate change will likely be complex because, in
addition to the main climatic drivers, other plant
and management factors might also influence
the response (e.g., plant competition, perennial
growth habits, seasonal productivity, and plant-
animal interactions).

Results of studies evaluating the response of
pasture species to elevated CO, are consistent
with the general response of C; and C, type
vegetation to elevated CO, but important excep-
tions exist. C; pasture species such as Italian
ryegrass, orchardgrass, rhizoma peanut, tall
fescue, and timothy have exhibited increased

photosynthetic rates under elevated CO,.
Other studies suggest that Kentucky bluegrass
might be at the lower end of the range in the
responsiveness of C; grasses to elevated CO,,
especially under low nutrient conditions. Peren-
nial ryegrass has shown a positive response in
terms of photosynthetic rate, but a low or even
negative response in terms of plant yield. The
C, pasture species bahiagrass, an important
pasture species in Florida, appears marginal
in its response to elevated CO,. Also, shifts in
optimal temperatures for photosynthesis might
be expected under elevated CO,. Species like
perennial ryegrass and tall fescue may show a
downward shift in their optimal temperatures
for photosynthesis.

This review has not yielded sufficient quantita-
tive information for predicting the yield change
of pastureland species under a future tempera-
ture increase of 1.2 °C. However, projected in-
creases in temperature and the lengthening of
the growing season should, in principle, extend
forage production into late fall and early spring,
thereby decreasing the need for accumulation
of forage reserves during the winter season. In
addition, water availability may play a major
role in the response of pasturelands to climate
change. Dallisgrass appears to better withstand
conditions of moisture stress under elevated CO,
than under ambient conditions. Simulation mod-
eling of alfalfa yield response to climate change
suggests that future alterations in precipitation
will be very important in determining yields.
Roughly, for every 4 mm change in annual pre-
cipitation, the models predict a 1 percent change
in dryland alfalfa yields.

In studies using defoliation as a variable, in-
creases in plant productivity under defoliation
were only observed under ambient CO, while
the largest response to elevated CO, was ob-
served in non-defoliated plants. The effect of
elevated CO, on pasture yield may be affected
by the presence of mutualistic interactions with
other organisms. Tall fescue plants infected with
an endophyte fungus and exposed to elevated
CO, showed a 15 percent higher yield response
than under ambient conditions.

An improved understanding of the impacts of
climate change on pastureland might be obtained
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through comprehensive studies that include graz-
ing regimes, mutualistic relationships (e.g., plant
roots-nematodes; N-fixing organisms), as well as
the balance of carbon, nutrients and water.

2.6.5 Rangelands

The evidence from manipulative experiments,
modeling exercises, and long-term observa-
tions of rangeland vegetation over the past two
centuries provide indisputable evidence that
warming, altered precipitation patterns, and
rising atmospheric CO, are virtually certain
to have profound impacts on the ecology and
agricultural utility of rangelands.

As CO, levels and temperatures continue to
climb, and precipitation patterns change, sen-
sitivity of different species to CO, will direct
shifts in plant community species composition.
However, lacking multiple global change ex-
periments that incorporate CO,, temperature,
and precipitation, our knowledge about how
global change factors and soil nutrient cycling
will interact and affect soil N availability is
limited, and reduces our ability to predict spe-
cies change.

Based on current evidence, plants with the C;
photosynthetic pathway — forbs, woody plants,
and possibly legumes — seem likely to be favored
by rising CO,, although interactions of species
responses with rising temperature and precipita-
tion patterns may affect these functional group
responses (Morgan 2005, 2007). (For instance,
warmer temperatures and drier conditions will
tend to favor C, species, which may cancel out
the CO, advantage of C5 grasses.)

There is already some evidence that climate
change-induced species shifts are underway
in rangelands. For instance, encroachment of
woody shrubs into former grasslands is likely
due to a combination of over-grazing, lack
of fire, and rising levels of atmospheric CO,.
Combined effects of climate and land manage-
ment change can drive species change that can
have a tremendous negative impact on the range
livestock industry (Bond and Midgley 2000;
Morgan et al. 2007; Polley, 1997). In turn, this
has altered the frequency and timing of wildfires
by reducing establishment of perennial herba-
ceous species by pre-empting soil water early
in the growing season (Young 1991). It seems
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likely that plant species changes will have as
much or more impact on livestock operations
as alterations in plant productivity.

One of our biggest concerns is in the area of
how grazing animals affect ecosystem response
to climate change. Despite knowledge that large
grazing animals have important impacts on the
productivity and nutrient cycling for rangelands
(Augustine and McNaughton 2004, 2006; Sem-
martin et al. 2004), little global change research
has addressed this particular problem. Manipula-
tive field experiments in global change research
are often conducted on plots too small to incor-
porate grazing animals, so these findings do not
reflect the effect grazing domestic livestock can
have on N cycling due to diet selectivity, spe-
cies changes, and nutrient cycling, all of which
can interact with CO, and climate (Allard et
al. 2004; Semmartin et al. 2004). The paucity
of data presently available on livestock-plant
interactions under climate change severely com-
promises our ability to predict the consequences
of climate change on livestock grazing.

Another important knowledge gap concerns
the responses of rangelands to multiple global
changes. To date, only one experiment has
examined four global changes: rising CO,, tem-
perature, precipitation, and N deposition (Dukes
et al. 2005; Zavaleta et al. 2003a). Although
interactions between global change treatments
on plant production were rare, strong effects
on relative species abundances and functional
plant group responses suggest highly complex
interactions of species responses to combined
global changes that may ultimately impact nu-
trient cycling with important implications for
plant community change and C storage. Such
results underscore an emerging acknowledge-
ment that while there is certainty that rangeland
ecosystems are responding to global change, our
ability to understand and predict responses to
future changes is limited.

Rangelands are used primarily for grazing.
For most domestic herbivores, the preferred
forage is grass. Other plants — including trees,
shrubs, and other broadleaf species — can lessen
livestock production and profitability by reduc-
ing availability of water and other resources to
grasses, making desirable plants unavailable to
livestock or physically complicating livestock
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management, or poisoning grazing animals
(Dahl and Sosebee 1991).

In addition to livestock grazing, rangelands
provide many other goods and services, includ-
ing biodiversity, tourism, and hunting. They
are also important as watershed catchments.
Carbon stores are increasingly being considered
as an economic product (Liebig et al. 2005;
Meeting et al. 2001; Moore et al. 2001; Schu-
man et al. 2001). However, there is still uncer-
tainty about the greenhouse gas sink capacity
of rangelands, how it will be altered by climate
change - including rising atmospheric CO, —
and, ultimately, the economics of rangeland C
sequestration (Schlesinger 2006; van Kooten
2006). While the ability to accurately predict
the consequences of all aspects of climate
change for rangelands is limited, a recent list of
management options (Morgan 2005) suggests
the types of choices ranchers and land manag-
ers will need to consider in the face of climate
change (Table 2.14).

A challenge for rangeland scientists, public
land managers, ranchers, and others interested
in rangelands will be to understand how the dy-
namics of climate change and land management
translate into ecological changes that impact
long-term use and sustainability. Perhaps more
than most occupations, ranching in the present-
day United States is as much a lifestyle choice as
it is an economic decision (Bartlett et al. 2002),
so economics alone will not likely drive deci-
sions that ranchers make in response to climate
change. Nevertheless, ranchers are already look-
ing to unconventional rangeland uses like tour-
ism or C storage. In regions where vegetation
changes are especially counter-productive to do-
mestic livestock agriculture, shifts in enterprises
will occur. Shifts between rangeland and more
intensive agriculture may also occur, depending
on the effects of climate-induced environmental
changes and influence of economics that favor
certain commodities. However, once a native
rangeland is disturbed, whether intentionally
through intensive agriculture or unintention-
ally through climate change, restoration can be
prohibitively costly, and in some cases, impos-
sible. Therefore, management decisions on the
use of private and public rangelands will need
to be made with due diligence paid toward their
long-term ecological impacts.

2.6.6 Animal Production Systems

Increases in air temperature reduce livestock
production during the summer season with
partial offsets during the winter season. Current
management systems usually do not provide as
much shelter to buffer the effects of adverse
weather for ruminants as for non-ruminants.
From that perspective, environmental manage-
ment for ruminants exposed to global warm-
ing needs to consider: 1) general increase in
temperature levels, 2) increases in nighttime
temperatures, and 3) increases in the occurrence
of extreme events (e.g., hotter daily maximum
temperature and more/longer heat waves).

In terms of environmental management needed
to address global climate change, the impacts
can be reduced by recognizing the adaptive abil-
ity of the animals and by proactive application of
appropriate countermeasures (sunshades, evapo-
rative cooling by direct wetting or in conjunction
with mechanical ventilation, etc.). Specifically,
the capabilities of livestock managers to cope
with these effects are quite likely to keep up
with the projected rates of change in global tem-
perature and related climatic factors. However,
coping will entail costs such as application of
environmental modification techniques, use of
more suitably adapted animals, or even shifting
animal populations.

Climate changes affect certain parasites and
pathogens, which could result in adverse ef-
fects on host animals. Interactions exist among
temperature, humidity, and other environmental
factors which, in turn, influence energy ex-
change. Indices or measures that reflect these
interactions remain ill-defined, but research
to improve them is underway. Factors other
than thermal (i.e., dust, pathogens, facilities,
contact surfaces, technical applications) also
need better definition. Duration and intensity of
potential stressors are of concern with respect
to the coping and/or adaptive capabilities of an
animal. Further, exposure to one type of stres-
sor may lead to altered resistance to other types.
Other interactions may exist, such that animals
stressed by heat or cold may be less able to cope
with other stressors (restraint, social mixing,
transport, etc). Improved stressor characteriza-
tion is needed to provide a basis for refinement
of sensors providing input to control systems.

Innovations in electronic system capabilities
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will undoubtedly continue to be exploited for
the betterment of livestock environments with
improved economic utilization of environmen-
tal measures, and mitigation strategies. There
is much potential for application of improved
sensors, expert systems, and electronic stock-
manship. Continued progress should be closely
tied to animal needs based on rational criteria,
and must include further recognition of health
criteria for animal caretakers as well. The abil-
ity of the animal’s target tissues to respond to
disruptions in normal physiological circadian
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Also, the importance of obtaining multiple mea-
sures of stress is also becoming more apparent.
However, inclusion and weighting of multiple
factors (e.g., endocrine function, immune func-
tion, behavior patterns, performance measures,
health status, vocalizations) is not an easy task
in developing integrated stress measures. Estab-
lishing threshold limits for impaired functions
that may result in reduced performance or health
are essential. Improved modeling of physiologi-
cal systems as our knowledge base expands will
help the integration process.

rhythms may be an important indicator of stress.

Table 2.14 CO,; and climate change responses and management options for grazing land factors. Adapted from
Morgan (2005).

Factor

Responses to rising CO, and climate change

Management options

Primary
production

Increase or little change with rising CO,: Applies to most systems,
especially water-limited rangelands. N may limit CO, response in some
systems.

Adjust forage harvesting:
Stocking rates.
Grazing systems.

Increases or little change with temperature: Applies to most temperate
and wet systems.

Develop and utilize adapted forage species
(e.g. legumes, C, grasses where appropriate,
more drought-resistant species and cultivars).

Decreases with temperature: Applies to arid and semi-arid systems
that experience significantly enhanced evapotranspiration and drought,
particularly where precipitation is not expected to increase.

Enterprise change (e.g. movement to more or
less intensive agricultural practices).

Variable responses with precipitation: Depends on present climate,
and nature of precipitation change. Increases in production in regions
where water is limiting, but increasing temperatures and more intense
precipitation events will reduce this.

Plant community All of the above.
species

composition

Global changes will drive competitive responses that alter plant
communities: In some systems, legumes and C; species may be favoured
in future CO,-enriched environments, but community reactions will
be variable and highly site specific. Warmer environments will favor
C, metabolisms. Both productive and reproductive responses will be
featured in community changes. Ultimate plant community responses
will probably reflect alterations in soil nutrients and water, and
involve complex interactions between changes in CO,, temperature
and precipitation. Weed invasions may already be underway, due to
rising atmospheric CO,. Proximity to urban areas will add complex
interactions with ozone and N deposition.

Weed control:

Fire management and/or grazing practices to
convert woody lands to grasslands.
Herbicides where appropriate to control
undesirables.

Enterprise change or emphasis:

Change between intensive/extensive practices.
C storage strategy.

Tourism, hunting, wildlife.

Biodiversity.

Forage quality Increasing CO, will alter forage quality. In N-limited native rangeland
systems, CO,-induced reduction in N and increased fiber may lower

quality.

Utilize/interseed legumes where N is limiting
and practice is feasible.

Alter supplemental feeding practices.

Animal
performance to
altered climate

Increased temperature, warm regions: Reduced feed intake, feed
efficiency, animal gain, milk production and reproduction. Increased
disease susceptibility, and death.

Animal usage:

Select adapted animal breeds from different
world regions to match new climate.
Improve animal genetics.

Select different animal species (i.e. camels,
sheep and goats for more drought-prone
areas).

Increased temperature, cold regions: Enhanced animal performance,
lowered energy costs.

Alter management (e.g., timing of breeding,
calving, weaning)

Enterprise change (above)
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3. INTRODUCTION

This synthesis and assessment report builds on
an extensive scientific literature and series of
recent assessments of the historical and potential
impacts of climate change and climate vari-
ability on managed and unmanaged ecosystems
and their constituent biota and processes. It
identifies changes in resource conditions that
are now being observed and examines whether
these changes can be attributed in whole or part
to climate change. It also highlights changes in
resource conditions that recent scientific studies
suggest are most likely to occur in response to
climate change, and when and where to look
for these changes. As outlined in the Climate
Change Science Program (CCSP) Synthesis and
Assessment Product 4.3 (SAP 4.3) prospectus,
this chapter will specifically address climate-
related issues in forests and arid lands.

In this chapter the focus is on the near-term
future. In some cases, key results are reported
out to 100 years to provide a larger context
but the emphasis is on next 25-50 years. This
nearer-term focus is chosen for two reasons.
First, for many natural resources, planning and
management activities already address these
time scales through development of long-lived
infrastructure, forest rotations, and other signifi-
cant investments. Second, climate projections
are relatively certain over the next few decades.
Emission scenarios for the next few decades
do not diverge from each other significantly
because of the “inertia” of the energy system.

Most projections of greenhouse gas emissions
assume that it will take decades to make major
changes in the energy infrastructure, and only
begin to diverge rapidly after several decades
have passed (30-50 years).

Forests occur in all 50 states but are most com-
mon in the humid eastern United States, the
West Coast, at higher elevations in the Interior
West and Southwest, and along riparian cor-
ridors in the plains states (Figure 3.1) (Zhu and
Evans 1994). Forested land occupies about 740
million acres, or about one-third of the United
States. Forests in the eastern United States cover
380 million acres; most of this land (83 percent)
is privately owned, and 74 percent is broadleaf
forest. The 360 million acres of forest land in
the western United States are 78 percent conifer
forests, split between public (57 percent) and
private ownership (USDA Forest Service and
U.S. Geological Survey 2002).

Forests provide many ecosystem services impor-
tant to the well-being of the people of the United
States: watershed protection, water quality, and
flow regulation; wildlife habitat and diversity;
recreational opportunities, and aesthetic and
spiritual fulfillment; raw material for wood and
paper products; climate regulation, carbon stor-
age, and air quality; biodiversity conservation.
While all of these services have considerable
economic value, some are not easily quanti-
fied (Costanza et al. 1997; Daily et al. 2000;

Forested land
occupies about 740
million acres, or
about one-third of
the United States.
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and open spaces for expanding
urban environments. A changing
climate will alter arid lands and
their services.

Both forests and arid lands face
challenges that can affect their
responses to a changing climate:
the legacy of historical land use,
non-native invasive species,
and the slow growth of many
species. In forests, for instance,
clearing and farming dramati-
cally increased erosion, and the
re-established forests are likely
less productive as a result. In arid
lands, grazing and exurban de-
velopment can change plant and
animal communities. Non-native
invasive species are a challenge
for all ecosystems, but especially
so in arid lands, where non-native
invasive grasses encourage fire
in ecosystems where fire was
historically very rare. The very
slow growth of many arid land
and dry forest species hinders
recovery from disturbance.

Figure 3.1 Distribution of forest lands in the continental United States by forest type. This map

was derived from Advanced Very High Resolution Radiometer (AVHRR) composite images recorded
during the 1991 growing season. Each composite covered the United States at a resolution of one
kilometer. Field data collected by the Forest Service were used to aid classification of AVHRR com-
posites into forest-cover types. Details on development of the forest cover types dataset are in Zhu

and Evans (1994).

Krieger 2001; Millennium Ecosystem Assess-
ment 2005), and many Americans are strongly
attached to their forests. A changing climate
will alter forests and the services they provide.
Sometimes changes will be viewed as beneficial,
but often they will be viewed as detrimental.

Arid lands are defined by low and highly
variable precipitation, and are found in the
United States in the subtropical hot deserts of
the Southwest and the temperate cold deserts of
the Intermountain West (Figure 3.2). Arid lands
provide many of the same ecosystem services as
forests (with the exception of raw materials for
wood and paper products), and support a large
ranching industry. These diverse environments
are also valued for their wildlife habitat, plant
and animal diversity, regulation of water flow
and quality, opportunities for outdoor recreation,

Climate strongly influences both
forests and arid lands. Climate
shapes the broad patterns of eco-
logical communities, the species
within them, their productivity,
and the ecosystem goods and
services they provide. The interaction of veg-
etation and climate is a fundamental tenet of
ecology. Many studies show how vegetation
has changed with climate over the past several
thousand years, so it is well understood that
changes in climate will change vegetation.
Given a certain climate and long enough time,
resultant ecological communities can generally
be predicted. However, predicting the effects of
a changing climate on forests and arid lands for
the next few decades is challenging, especially
with regard to the rates and dynamics of change.
Plants in these communities can be long lived,;
hence, changes in species composition may lag
behind changes in climate. Furthermore, seeds
and conditions for better-adapted communities
are not always present.
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Past studies linking climate and vegetation
may also provide poor predictions for the fu-
ture because the same physical climate may
not occur in the future and many other factors
may be changing as well. CO, is increasing in
the atmosphere; nitrogen deposition is much
greater than in the past, and appears to be in-
creasing; ozone pollution is locally increasing;
and species invasions from other ecosystems
are widespread. These factors cause important
changes themselves, but their interactions are
difficult to predict because they represent novel
combinations.

Disturbance (such as drought, storms, insect out-
breaks, grazing, and fire) is part of the ecologi-
cal history of most ecosystems and influences
ecological communities and landscapes. Climate
affects the timing, magnitude, and frequency
of many of these disturbances, and a chang-
ing climate will bring changes in disturbance
regimes to forests and arid lands (Dale et al.
2001). Trees and arid land vegetation can take
from decades to centuries to re-establish after a
disturbance. Both human-induced and natural
disturbances shape ecosystems by influencing
species composition, structure, and function
(productivity, water yield, erosion, carbon stor-
age, and susceptibility to future disturbance). In
forests, more than 55 million acres are currently
impacted by disturbance, with the largest agents
being insects and pathogens (Dale et al. 2001).
These disturbances cause an estimated financial
loss of 3.7 billion dollars per year (Dale et al.
2001). In the past several years, scientists have
learned that the magnitude and impact of these
disturbances and their response to climate rivals
that expected from changes in temperature and
precipitation (Field et al. 2007).

Disturbance may reset and rejuvenate some
ecosystems in some cases and cause enduring
change in others. For example, climate may
favor the spread of invasive exotic grasses into
arid lands where the native vegetation is too
sparse to carry a fire. When these areas burn,
they typically convert to non-native monocul-
tures and the native vegetation is lost. In another
example, drought may weaken trees and make
them susceptible to insect attack and death — a
pattern that recently occurred in the Southwest.
In these forests, drought and insects converted

Colorado
Plateau

Chihuahuan
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Figure 3.2 The five major North American deserts, outlined on a 2006 map
of net primary productivity (NPP). Modeled NPP was produced by the Numerical
Terradynamic Simulation Group (http:/lwww.ntsg.umt.edu/) using the fraction of
absorbed photosynthetically active radiation measured by the Moderate Resolution
Imaging Spectroradiometer (MODIS) satellite and land cover-based radiation use
efficiency estimates Running et al. (2000). Desert boundaries based on Olson

et al. (2001).

large areas of mixed pinyon-juniper forests
into juniper forests. However, fire is an integral
component of many forest ecosystems, and
many tree species (such as the lodgepole pine
forests that burned in the Yellowstone fires of
1988) depend on fire for regeneration. Climate
effects on disturbance will likely shape future
forests and arid lands as much as the effects of
climate itself.

Disturbances and changes to the frequency or
type of disturbance present challenges to re-
source managers. Many disturbances command
quick action, public attention, and resources.
Surprisingly, most resource planning in the
United States does not consider disturbance,
even though disturbances are common, and
preliminary information exists on the frequency
and areal extent of disturbances (Dale et al.

Arid lands are
defined by low
and highly variable
precipitation, and
are found in the
United States in
the subtropical
hot deserts of the
Southwest and
the temperate
cold deserts of
the Intermountain
West.
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Climate strongly
influences both
forests and arid
lands. Climate
shapes the broad
patterns of ecological
communities, the
species within them,
their productivity,
and the ecosystem
goods and services
they provide.
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2001). Disturbances in the future may be larger
and more common than those experienced his-
torically, and planning for disturbances should
be encouraged (Dale et al. 2001; Stanturf et al.
2007).

The goal of this chapter is to assess how forests
and arid lands will respond to predicted an-
ticipated changes in climate over the next few
decades. It will discuss the effects of climate
and its components on the structure and function
of forest and arid land ecosystems. It will also
highlight the effects of climate on disturbance
and how these disturbances change ecosystems.
Active management may increase the resiliency
of forests and arid lands to respond to climate
change. For example, forest thinning can reduce
fire intensity, increase drought tolerance and
reduce susceptibility to insect attack. Grazing
management and control of invasive species can
promote vegetation cover, reduce fire risk, and
reduce erosion. These and other options for man-
aging ecosystems to adapt to climate change are
discussed in Synthesis and Assessment Product
4.4 (Preliminary review of adaptation options
for climate-sensitive ecosystems and resources,
U.S. Climate Change Science Program).

3.2 FORESTS
3.2.1 Brief Summary of Key Points
from the Literature

Climate strongly affects forest productivity and
species composition. Forest productivity in the
United States has increased 2-8 percent in the
past two decades, but separating the role of
climate from other factors causing the increase
is complicated and varies by location. Some
factors that act to increase forest growth are 1)
observed increases in precipitation in the Mid-
west and Lake States, 2) observed increases in
nitrogen deposition, 3) an observed increase in
temperature in the northern United States that
lengthens the growing season, 4) changing age
structure of forests, and 5) management prac-
tices. These factors interact, and identifying
the specific cause of a productivity change is
complicated by insufficient data. Even in the
case of large forest mortality events, such as
those associated with fire and insect outbreaks,
attributing a specific event to a change in climate
may be difficult because of interactions among
factors. For example, in the recent widespread
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mortality of pinyon pine in the Southwest, in-
tense drought weakened the trees, but generally,
the Ips beetle killed them.

In addition to the direct effects of climate on
tree growth, climate also affects the frequency
and intensity of natural disturbances such as fire,
insect outbreaks, ice storms, and windstorms.
These disturbances have important consequenc-
es for timber production, water yield, carbon
storage, species composition, invasive species,
and public perception of forest management.
Disturbances also draw management attention
and resources. Because of observed warmer and
drier climate in the West in the past two decades,
forest fires have grown larger and more frequent
during that period. Several large insect out-
breaks have recently occurred or are occurring
in the United States. Increased temperature and
drought likely influenced these outbreaks. Fire
suppression and large areas of susceptible trees
(over age 50) may have also contributed.

Rising atmospheric CO, will increase forest
productivity and carbon storage in forests if
sufficient water and nutrients are available. Any
increased carbon storage will be primarily in live
trees. Average productivity increase for a variety
of experiments was 23 percent. The response of
tree growth and carbon storage to elevated CO,
depends on site fertility, water availability, and
stand age, with fertile, younger stands respond-
ing more strongly.

Forest inventories can detect long-term changes
in forest growth and species composition, but
they have limited ability to attribute changes to
specific factors, including climate. Separating
the effects of climate change from other impacts
would require a broad network of indicators,
coupled with a network of controlled experimen-
tal manipulations. Experiments that directly ma-
nipulate climate and observe impacts are critical
components in understanding climate change
impacts and in separating the effects of climate
from those caused by other factors. Experiments
such as free-air CO, enrichment, ecosystem
and soil warming, and precipitation manipula-
tion have greatly increased understanding of
the direct effects of climate on ecosystems.
These experiments have also attracted a large
research community and fostered a thorough
and integrated understanding because of their
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large infrastructure costs, importance and rarity.
Monitoring of disturbances affecting forests is
currently ineffective, fragmented, and generally
unable to attribute disturbances to specific fac-
tors, including climate.

3.2.2 Observed Changes or Trends

3.2.2.1 CLIMATE AND ECOSYSTEM
CONTEXT

Anyone traveling from the lowlands to the
mountains will notice that species composition
changes with elevation and with it, the struc-
ture and function of these forest ecosystems.
Biogeographers have mapped these different
vegetation zones and linked them with their
characteristic climates. The challenge facing
scientists is to understand how these zones and
the individual species within them will move
with a changing climate, at what rate, and with
what effects on ecosystem function.

Temperature, water, and radiation are the prima-
ry abiotic factors that affect forest productivity
(Figure 3.3). Any response to changing climate
will depend on the factors that limit production
at a particular site. For example, any site where
productivity is currently limited by lack of
water or a short growing season will increase
productivity if precipitation increases and if the
growing season lengthens. Temperature controls
the rate of metabolic processes for photosynthe-
sis, respiration, and growth. Generally, plant

Temperature

Sunlight" B
Water

metabolism has an optimum temperature. Small
departures from this optimum usually do not
change metabolism and short-term productivity,
although changes in growing season length may
change annual productivity. Large departures
and extreme events (such as frosts in orange
groves) can cause damage or tree mortality. Wa-
ter controls cell division and expansion, which
promote growth and stomatal opening, which
regulates water loss and CO, uptake in photo-
synthesis. Productivity will generally increase
with water availability in water-limited forests
(Knapp et al. 2002). Radiation supplies the en-
ergy for photosynthesis, and both the amount of
leaf area and incident radiation control the quan-
tity of radiation absorbed by a forest. Nutrition
and atmospheric CO, also strongly influence
forest productivity if other factors are less limit-
ing (Boisvenue and Running 2006), and ozone
exposure can lower productivity (Hanson et al.
2005). Human activities have increased nitrogen
inputs to forest ecosystems, atmospheric CO,
concentration, and ozone levels. The effects of
CO, are everywhere, but ozone and N deposition
are common to urban areas, and forests and arid
lands downwind from urban areas. The response
to changes in any of these factors is likely to be
complex and dependent on the other factors.

Forest trees are evolutionarily adapted to thrive
in certain climates. Other factors, such as fire
and competition from other plants, also regulate
species presence, but if climate alone changes
enough, species will adjust to suitable conditions

Temperature,
water, and radiation
are the primary
abiotic factors

that affect forest
productivity.

Figure 3.3 Potential limits to vegetation net primary production based on fundamental physiological limits by
sunlight, water balance, and temperature. Nutrients are also important and vary locally. From Boisvenue and
Running (2006).
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or go locally extinct if suitable conditions are
unavailable (Woodward 1987). One example of
such a species shift is sugar maple in the north-
eastern United States. Suitable climate for it may
move northward into Canada and the distribu-
tion will likely follow (Chuine and Beaubien
2001), assuming the species is able to disperse
propagules rapidly enough to keep pace with
the shifting climatic zone. Because trees live for
decades and centuries, absent disturbance, it is
likely that forest species composition will take
time to adjust to changes in climate.

Disturbances such as forest fires, insect out-
breaks, ice storms, and hurricanes also change
forest productivity, carbon cycling, and species
composition. Climate influences the frequency
and size of disturbances. Many features of
ecosystems can be predicted by forest age, and
disturbance regulates forest age. After a stand-
replacing disturbance, forest productivity in-
creases until the forest fully occupies the site or
develops a closed canopy, then declines to near
zero in old age (Ryan et al. 1997). Carbon stor-
age after a disturbance generally declines while
the decomposition of dead wood exceeds the
productivity of the new forest, then increases as
the trees grow larger and the dead wood from the
disturbance disappears (Kashian et al. 2006). In
many forests, species composition also changes
with time after disturbance. Susceptibility to fire
and insect outbreaks changes with forest age, but
the response of forest productivity to climate, N
deposition, CO,, and ozone differs for old and
young forests is still not understood because
most studies have only considered young trees
or forests. Changes in disturbance prompted by
climate change are likely as important as the
changes in precipitation, temperature, N deposi-
tion, CO,, and ozone for affecting productivity
and species composition.

3.2.2.2 TEMPERATURE

Forest productivity in the United States has
generally been increasing since the middle
of the 20th century (Boisvenue and Running
2006), with an estimated increase of 2-8 percent
between 1982 and 1998 (Hicke et al. 2002b),
but the causes of this increase (increases in
air and surface temperature, increasing CO,,
N deposition, or other factors) are difficult to
isolate (Cannell et al. 1998). These effects can

Chapter 3

potentially be disentangled by experimentation,
analysis of species response to environmental
gradients, planting trees from seeds grown in
different climates in a common garden, anomaly
analysis, and other methods. Increased tempera-
tures will affect forest growth and ecosystem
processes through several mechanisms (Hughes
2000; Saxe et al. 2001) including effects on
physiological processes such as photosynthesis
and respiration, and responses to longer growing
seasons triggered by thermal effects on plant
phenology (e.g., the timing and duration of
foliage growth). Across geographical or local
elevational gradients, forest primary productiv-
ity has long been known to increase with mean
annual temperature and rainfall (Leith 1975).
This result also generally holds within a spe-
cies (Fries et al. 2000) and in provenance trials
where trees are found to grow faster in a slightly
warmer location than that of the seed source
itself (Wells and Wakeley 1966; Schmidtling
1994). In Alaska, where temperatures have
warmed strongly in recent times, changes in soil
processes are similar to those seen in experi-
mental warming studies (Hinzman et al. 2005).
In addition, permafrost is melting, exposing
organic material to decomposition and drying
soils (Hinzman et al. 2005).

Along with a general trend in warming, the
length of the northern hemisphere growing
season has been increasing in recent decades
(Menzel and Fabian 1999; Tucker et al. 2001).
Forest growth correlates with growing season
length (Baldocchi et al. 2001), with longer
growing seasons (earlier spring) leading to
enhanced net carbon uptake and storage (Black
et al. 2000; Hollinger et al. 2004). The ability
to complete phenological development within
the growing season is a major determinant of
tree species range limits (Chuine and Beaubien
2001). However, Sakai and Weiser (1973) have
also related range limits to the ability to tolerate
minimum winter temperatures.

3.2.2.3 FIRE AND INSECT OUTBREAKS

Westerling et al. (2006) analyzed trends in
wildfire and climate in the western United
States from 1974-2004. They show that both
the frequency of large wildfires and fire season
length increased substantially after 1985, and
that these changes were closely linked with
advances in the timing of spring snowmelt,
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and increases in spring and summer air tem-
peratures. Much of the increase in fire activity
occurred in mid-elevation forests in the northern
Rocky Mountains and Sierra Nevada mountains.
Earlier spring snowmelt probably contributed to
greater wildfire frequency in at least two ways,
by extending the period during which ignitions
could potentially occur, and by reducing water
availability to ecosystems in mid-summer, thus
enhancing drying of vegetation and surface
fuels (Westerling et al. 2006). These trends in
increased fire size correspond with the increased
cost of fire suppression (Calkin et al. 2005).

In boreal forests across North America, fire
activity also has increased in recent decades.
Kasischke and Turetsky (2006) combined fire
statistics from Canada and Alaska to show
that burned area more than doubled between
the 1960s/70s and the 1980s/90s. The increas-
ing trend in boreal burned-area appears to be
associated with a change in both the size and
number of lightning-triggered fires (>1000
km2), which increased during this period. In
parallel, the contribution of human-triggered
fires to total burned area decreased from the

1960s to the 1990s (from 35.8 percent to 6.4
percent) (Kasischke and Turetsky 2006). As
in the western U.S., a key predictor of burned
area in boreal North America is air temperature,
with warmer summer temperatures causing an
increase in burned area on both interannual and
decadal timescales (Gillett et al. 2004; Duffy et
al. 2005; Flannigan et al. 2005). In Alaska, for
example, June air temperatures alone explained
approximately 38 percent of the variance of
the natural log of annual burned area during
1950-2003 (Duffy et al. 2005).

Insects and pathogens are significant distur-
bances to forest ecosystems in the United States
(Figure 3.4), costing $1.5 billion annually (Dale
et al. 2001). Extensive reviews of the effects of
climate change on insects and pathogens have
reported many cases where climate change has
affected and/or will affect forest insect species
range and abundance (Ayres and Lombardero
2000; Malmstrom and Raffa 2000; Bale et al.
2002). This review focuses on forest insect spe-
cies within the United States that are influenced
by climate and attack forests that are ecologi-
cally or economically important.

Figure 3.4 Satellite image of the extensive attack by mountain pine beetle in lodgepole pine forests in Colorado.
Pre-outbreak image taken October 2002, and post outbreak image taken August 2007. Images courtesy of
DigitalGlobe, Inc. (http://digitalglobe.com/)
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Major outbreaks in recent years include: a
mountain pine beetle outbreak affected >10 mil-
lion hectares (Mha) of forest in British Columbia
(Taylor et al. 2006), and 267,000 ha in Colorado
(Colorado State Forest Service 2007); more
than 1.5 Mha was attacked by spruce beetle in
southern Alaska and western Canada (Berg et
al. 2006); >1.2 Mha of pinyon pine mortality
occurred because of extreme drought, coupled
with an Ips beetle outbreak in the Southwest
(Breshears et al. 2005); and millions of hectares
were affected by southern pine beetle, spruce
budworm, and western spruce budworm in re-
cent decades in southeastern, northeastern, and
western forests, respectively (USDA Forest Ser-
vice 2005). Ecologically important whitebark
pine is being attacked by mountain pine beetle
in the northern and central Rockies (Logan and
Powell 2001). For example, almost 70,000 ha,
or 17 percent, of whitebark pine forest in the
Greater Yellowstone Ecosystem is infested by
mountain pine beetle (Gibson 2006). Evident
from these epidemics is the widespread nature
of insect outbreaks in forests throughout the
United States.

Climate plays a major role in driving, or at least
influencing, infestations of these important
forest insect species in the United States (e.g.,
Holsten et al. 1999; Logan et al. 2003a; Car-
roll et al. 2004; Tran et al. in press), and these
recent large outbreaks are likely influenced by
observed increases in temperature. Temperature
controls life cycle development rates, influences
synchronization of mass attacks required to
overcome tree defenses, and determines winter
mortality rates (Hansen et al. 2001b; Logan and
Powell 2001; Hansen and Bentz 2003; Tran et al.
in press). Climate also affects insect populations
indirectly through effects on hosts. Drought
stress, resulting from decreased precipitation
and/or warming, reduces the ability of a tree
to mount a defense against insect attack (Car-
roll et al. 2004; Breshears et al. 2005), though
this stress may also cause some host species to
become more palatable to some types of insects
(Koricheva et al. 1998). Fire suppression and
large areas of susceptible trees (a legacy from
logging in the late 1800s and early 1900s (Bird-
sey et al. 2006)), may also play a role.
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3.2.3 Possible Future Changes and
Impacts
3.2.3.1 WARMING

A review of recent experimental studies found
that rising temperatures would generally en-
hance tree photosynthesis (Saxe et al. 2001),
as a result of increased time operating near
optimum conditions, and because rising levels
of atmospheric CO, increase the temperature
optimum for photosynthesis (Long 1991).
Warming experiments, especially for trees
growing near their cold range limits, generally
increase growth (Bruhn et al. 2000; Wilmking
et al. 2004; Danby and Hik 2007). The experi-
mental warming of soils alone has been found
to stimulate nitrogen mineralization and soil
respiration (Rustad et al. 2001). An important
concern for all experimental manipulations
is that the treatments occur long enough to
determine the full suite of effects. It appears
that the large initial increases in soil respiration
observed at some sites decrease with time back
toward pretreatment levels (Rustad et al. 2001,
Melillo et al. 2002). This result may come about
from changes in C pool sizes, substrate quality
(Kirschbaum 2004; Fang et al. 2005), or other
factors (Davidson and Janssens 2006).

A general response of leaves, roots, or whole
trees to short-term increases in plant tempera-
ture is an approximate doubling of respiration
with a 10°C temperature increase (Ryan et al.
1994; Amthor 2000). Over the longer term, how-
ever, there is strong evidence for temperature
acclimation (Atkin and Tjoelker 2003; Wythers
et al. 2005), which is probably a consequence
of the linkage of respiration to the production
of photosynthate (Amthor 2000). One negative
consequence of warming for trees is that it can
increase the production of isoprene and other
hydrocarbons in many tree species (Sharkey and
Yeh 2001) — compounds that may lead to higher
levels of surface ozone and increased plant
damage. Physiologically, the overall result of
the few degrees of warming expected over the
next few decades is likely a modest increase in
photosynthesis and tree growth (Hyvonen et al.
2007). However, where increased temperature
coincides with decreased precipitation (western
Alaska, Interior West, Southwest), forest growth
is expected to be lower (Hicke et al. 2002b).
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For the projected temperature increases over
the next few decades, most studies support the
conclusion that a modest warming of a few
degrees Celsius will lead to greater tree growth
in the United States. There are many causes for
this enhancement including direct physiological
effects, a longer growing season, and potentially
greater mineralization of soil nutrients. Because
different species may respond somewhat dif-
ferently to warming, the competitive balance
of species in forests may change. Trees will
probably become established in formerly colder
habitats (more northerly, higher altitude) than
at present.

3.2.3.2 CHANGES IN PRECIPITATION
Relationships between forest productivity and
precipitation have been assessed using conti-
nental gradients in precipitation (Webb et al.
1983; Knapp and Smith 2001), interannual vari-
ability within a site (Hanson et al. 2001), and by
manipulating water availability (Hanson et al.
2001). Forest productivity varies with annual
precipitation across broad gradients (Webb
et al. 1983; Knapp and Smith 2001), and with
interannual variability within sites (Hanson et
al. 2001). Some of these approaches are more
informative than others for discerning climate
change effects.

Gradient studies likely poorly predict the
response to changes in precipitation, because
site-specific factors such as site fertility con-
trol the response to precipitation (Gower et al.
1992; Maier et al. 2004). The response of for-
est productivity to interannual variability also
likely poorly predicts response to precipitation
changes, because forests have the carbohydrate
storage and deep roots to offset drought effects
over that time, masking any effects that might
be apparent over a longer-term trend.

The effects of precipitation on productivity
will vary with air temperature and humidity.
Warmer, drier air will evaporate more water
and reduce water availability faster than cooler,
humid air. Low humidity also promotes the
closure of stomata on leaves, which reduces
photosynthesis and lowers productivity even
where soil water availability is abundant.

Manipulation of water availability in forests
allows an assessment of the direct effects of

TDE

Figure 3.5 Direct manipulation of precipitation in
the Throughfall Displacement experiment (TDE) at
Walker Branch (Paul Hanson, Oak Ridge National
Laboratory).

precipitation (Figure 3.5). Two experiments
where water availability was increased through
irrigation showed only modest increases in for-
est production (Gower et al. 1992; Maier et al.
2004), but large increases with a combination of
irrigation and nutrients. In contrast, forest pro-
ductivity did not change when precipitation was
increased or reduced 33 percent, but with the
same timing as natural precipitation (Hanson
et al. 2005). Tree growth in this precipitation
manipulation experiment also showed strong
interannual variability with differences in
annual precipitation. Hanson et al. (2005) con-
clude that “differences in seasonal patterns of
rainfall within and between years have greater
impacts on growth than percentage changes in
rainfall applied to all rainfall events.”

No experiments have assessed the effect of
changes in precipitation on forest tree species
composition. Hanson et al. (2005) showed that
growth and mortality changed in response to
precipitation manipulation for some smaller
individuals, but we do not know if these changes
will lead to composition changes. However,
one of the best understood patterns in ecology
is the variation of species with climate and
site water balance. So, if precipitation changes
substantially, it is highly likely that species
composition will change (Breshears et al. 2005).
However, limited studies exist with which to
predict the rate of change and the relationship
with precipitation amount.

Drought is a common feature of all terrestrial
ecosystems (Hanson and Weltzin 2000), and
generally lowers productivity in trees. Drought
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events can have substantial and long-lasting
effects on ecosystem structure, species com-
position, and function by differentially killing
certain species or sizes of trees (Hanson and
Weltzin 2000; Breshears et al. 2005), weaken-
ing trees to make them more susceptible to
insect attacks (Waring 1987), or by increas-
ing the incidence and intensity of forest fires
(Westerling et al. 2006). Forest management by
thinning trees can improve water available to
the residual trees. (Donner and Running 1986;
Sala et al. 2005).

If existing trends in precipitation continue,
forest productivity will likely decrease in the
Interior West, the Southwest, eastern portions of
the Southeast, and Alaska. Forest productivity
will likely increase in the northeastern United
States, the Lake States, and in western portions
of the Southeast. An increase in drought events
will very likely reduce forest productivity wher-
ever these events occur.

3.2.3.3 ELEVATED ATMOSPHERIC CO, AND
CARBON SEQUESTRATION

The effects of increasing atmospheric CO, on

carbon cycling in forests are most realistically
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observed in Free Air CO, Enrichment (FACE)
experiments (Figure 3.6). These experiments
have recently begun to provide time-series
sufficiently long for assessing the effect of CO,
projected for the mid-21st century on some
components of the carbon cycle. The general
findings from a number of recent syntheses
using data from the three American and one
European FACE sites (King et al. 2004; Norby
et al. 2005; McCarthy et al. 2006a; Palmroth et
al. 2006) show that North American forests will
absorb more CO, and might retain more carbon
as atmospheric CO, increases. The increase in
the rate of carbon sequestration will be highest
(mostly in wood) on nutrient-rich soils with
no water limitation and will decrease with
decreasing fertility and water supply. Several
yet unresolved questions prevent a definitive
assessment of the effect of elevated CO, on
other components of the carbon cycle in forest
ecosystems:

+ Although total carbon allocation to below-
ground increases with CO, (King et al. 2004;
Palmroth et al. 2006), there is only equivocal
evidence of CO,-induced increase in soil
carbon (Jastrow et al. 2005; Lichter et al.
2005).

Figure 3.6 FACE ring at the Duke Forest FACE, Durham, North Carolina. (Photo courtesy Duke University.)
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* Older forests can be strong carbon sinks
(Stoy et al. 2006), and older trees absorb
more CO, in an elevated CO, atmosphere,
but wood production of these trees show
limited or only transient response to CO,
(Kdrner et al. 2005).

*  When responding to CO,, trees require and
obtain more nitrogen (and other nutrients)
from the soil. Yet, despite appreciable effort,
the soil processes supporting such increased
uptake have not been identified, leading
to the expectation that nitrogen availabil-
ity may increasingly limit the response to
elevated CO, (Finzi et al. 2002; Luo et al.
2004; de Graaff et al. 2006; Finzi et al. 2006;
Luo et al. 2006).

To understand the complex process-
es controlling ecosystem carbon cycling
under elevated CO, and solve these puzzles, lon-
ger time series are needed (Walther 2007), yet
the three FACE studies in the U.S. forest ecosys-
tems are slated for closure in 2007-2009.

Major findings on specific processes
leading to these generalities

Net primary production (NPP) is defined as
the balance between canopy photosynthesis
and plant respiration. Canopy photosynthesis
increases with atmospheric CO,, but less than
expected based on physiological studies because
of negative feedbacks in leaves (biochemical
down-regulation) and canopies (reduced light,
and conductance with increasing leaf area index
(LAID); (Saxe et al. 2001; Schafer et al. 2003;
Wittig et al. 2005). On the other hand, plant
respiration increases only in proportion to tree
growth and amount of living biomass — that is,
tissue-specific respiration does not change un-
der elevated CO, (Gonzalez-Meler et al. 2004).
The balance between these processes, NPP,
increases in stands on moderately fertile and
fertile soils. The short-term (<10 years), median
response among the four “forest” FACE experi-
ments was an increase of 23+2 percent (Norby
et al. 2005). Although the average response
was similar among these sites that differed in
productivity (Norby et al. 2005), the within-site
variability in the response to elevated CO, can
be large (<10 percent to >100 percent). At the
Duke FACE site, this within-site variability
was related to nitrogen availability (Oren et al.

2001; Finzi et al. 2002; Norby et al. 2005). The
absolute magnitude of the additional carbon
sink varies greatly among years. At the Duke
FACE, much of this variability is caused by
droughts and disturbance events (McCarthy
et al. 2006a).

The enhancement of NPP at low LAl is largely
driven by an enhancement in LAI, whereas at
high LALI, the enhancement reflects increased
light-use efficiency (Norby et al. 2005; McCa-
rthy et al. 2006a). The sustainability of the NPP
response and the partitioning of carbon among
plant components may depend on soil fertil-
ity (Curtis and Wang 1998; Oren et al. 2001,
Finzi et al. 2002). NPP in intermediate fertility
sites may undergo several phases of transient
response, with CO,-induced enhancement of
stemwood production dominating initially,
followed by fine-root production after several
years (Oren et al. 2001; Norby et al. 2004). In
high fertility plots, the initial response so far
appears sustainable (Kérner 2006).

Carbon partitioning to pools with different
turnover times is highly sensitive to soil nutrient
availability. Where nutrient availability is low,
increasing soil nutrient supply promotes higher
LAL Under elevated CO, and increased nutrient
supply, LAI becomes increasingly greater than
that of stands under ambient CO,. This response
affects carbon allocation to other pools. Above-
ground NPP increases with LAI (McCarthy et
al. 2006a) with no additional effects of elevated
CO,. The fraction of Aboveground NPP al-
located to wood, a moderately slow turnover
pool, increases with LAI in broadleaf FACE
experiments (from ~50 percent at low LAI, to a
maximum of 70 percent at mid-range LAI), with
the effect of elevated CO, on allocation entirely
accounted for by changes in LAL. In pines, al-
location to wood decreased with increasing LAI
(from ~65 percent to 55 percent), but was higher
(averaging ~68 percent versus 58 percent) under
elevated CO, (McCarthy et al. 2006a). Despite
the increased canopy photosynthesis, there is
no evidence of increased wood production in
pines growing on very poor, sandy soils (Oren
et al. 2001).

Total carbon allocation belowground and CO,
efflux from the forest floor decrease with
increasing LAI, but the enhancement under
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elevated CO, is approximately constant (~22
percent) over the entire range of LAI (King et
al. 2004; Palmroth et al. 2006). About a third
of the extra carbon allocated belowground
under elevated CO, is retained in litter and soil
storage at the U.S. FACE sites (Palmroth et al.
2006). At Duke FACE, a third of the incremen-
tal carbon sequestration is found in the forest
floor. The CO,-induced enhancement in fine
root and mycorrhizal fungi turnover has not
translated to a significant net incremental stor-
age of carbon in the mineral soil (Schlesinger
and Lichter 2001; Jastrow et al. 2005; Lichter
et al. 2005). A recent meta-analysis (Jastrow
et al. 2005), incorporating data from a variety
of studies in different settings, estimated a me-
dian CO,-induced increase in the rate of soil C
sequestration of 5.6 percent (+19 g C m2 y-1).
Because soil C is highly variable and a large
fraction of ecosystem carbon, a long time-series
is necessary to statistically detect changes at any
one site (McMurtrie et al. 2001).

3.2.3.4 FORESTS AND CARBON
SEQUESTRATION

Forest growth and long-lived wood products
currently offset about 20 percent of annual
U.S. fossil fuel carbon emissions (U.S. Climate
Change Science Program Synthesis and As-
sessment Product 2.2 2007). Because a large
forested landscape should be carbon neutral
over long periods of time (Kashian et al. 2006),
the presence of this large forest carbon sink is
either a legacy of past land use (regrowth after
harvest or reforestation of land cleared for pas-
ture or crops) or a response to increased CO,
and nitrogen deposition, or both (Canadell et al.
2007). This carbon sink is an enormous ecosys-
tem service by forests, and its persistence will
be important to any future mitigation strategy.
If the sink primarily results from past land use,
it will diminish through time. If not, it may
continue until the effects of CO, and N diminish
(Canadell et al. 2007).

To understand whether forest growth and
long-lived forest products will continue their
important role in offsetting a fraction of U.S.
carbon emissions, significant unknowns and
uncertainties would have to be addressed. The
scale of the problem is large: Jackson and Schle-
singer (2004) estimate that for afforestation to
offset an additional 10 percent of U.S. emis-
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sions, immediate conversion of one-third of
current croplands to forests would be required.
Some of the unknowns and uncertainties are: 1)
the economics of sequestration (Richards and
Stokes 2004); 2) the timeline for valuing carbon
stored in forests — should carbon stored today be
worth more than carbon stored later (Fearnside
2002); 3) the permanence of stored carbon and
its value if not permanent (Kirschbaum 2006);
4) the ability to permanently increase forest car-
bon stores in the face of changes in climate that
may change species (Bachelet et al. 2001) and
increase disturbance (Westerling et al. 2006),
and change the process of carbon storage itself
(Boisvenue and Running 2006); 5) how much
carbon can be counted as “additional” given the
self-replacing nature of forests; 6) identification
of methods for increasing carbon sequestration
in a variety of ecosystems and management
goals; 7) how to account for carbon storage
“gained” from management or avoided losses
in fire; 8) identification of uniform methods and
policies for validating carbon storage; 9) vulner-
ability of sequestered carbon to fire, windthrow
or other disturbance; 10) “leakage” or displace-
ment of carbon storage on one component of the
landscape to carbon release on another (Murray
et al. 2004); 11) will saturation of the carbon
sink in North America work against forest C
sequestration (Canadell et al. 2007)? 12) the
impacts of carbon sequestration on the health of
forest ecosystems and the climate system itself;
and 13) the impacts of increasing carbon stor-
age on other forest values such as biodiversity
and water yield.

3.2.3.5 INTERACTIVE EFFECTS INCLUDING
OZONE, NITROGREN DEPOSITION,
AND FOREST AGE
Ozone is produced from photochemical reac-
tions of nitrogen oxides and volatile organic
compounds. Ozone can damage plants (Ash-
more 2002) and lower productivity, and these
responses have been documented for U.S.
forests (Matyssek and Sandermann 2003; Karls-
son et al. 2004). In the United States, controls
on emissions of nitrogen oxides and volatile
organic compounds are expected to reduce the
peak ozone concentrations that currently cause
the most plant damage (Ashmore 2005). How-
ever, background tropospheric concentrations
may be increasing as a result of increased global
emissions of nitrogen oxides (Ashmore 2005).
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These predicted increases in background ozone
concentrations may reduce or negate the ef-
fects of policies to reduce ozone concentrations
(Ashmore 2005). Ozone pollution will modify
the effects of elevated CO, and any changes in
temperature and precipitation (Hanson et al.
2005), but these interactions are difficult to pre-
dict because they have been poorly studied.

Nitrogen deposition in the eastern United
States and California can exceed 10 kg N ha-
yr-land likely has increased 10-20 times above
pre-industrial levels (Galloway et al. 2004).
Forests are generally limited by nitrogen avail-
ability, and fertilization studies show that this
increased deposition will enhance forest growth
and carbon storage in wood (Gower et al. 1992;
Albaugh et al. 1998; Adams et al. 2005). There
is evidence that chronic nitrogen deposition
also increases carbon storage in surface soil
over large areas (Pregitzer et al. 2008). Chronic
nitrogen inputs over many years could lead to
“nitrogen saturation” (a point where the system
can no longer use or store nitrogen), a reduc-
tion in forest growth, and increased levels of
nitrate in streams (Aber et al. 1998; Magill et
al. 2004), but observations of forest ecosystems
under natural conditions have not detected this
effect (Magnani et al. 2007). Experiments and
field studies have shown that the positive effect
of elevated CO, on productivity and carbon
storage can be constrained by low nitrogen
availability, but in many cases elevated CO,
causes an increase in nitrogen uptake (Finzi et
al. 2006; Johnson 2006; Luo et al. 2006; Reich
et al. 2006). For nitrogen-limited ecosystems,
increased nitrogen availability from nitrogen
deposition enhances the productivity increase
from elevated CO, (Oren et al. 2001) and the
positive effects of changes in temperature and
precipitation. Overall, there is strong evidence
that the effects of nitrogen deposition on forest
growth and carbon storage are positive and
might exceed those of elevated CO, (Kdrner
2000; Magnani et al. 2007).

Forest growth changes with forest age (Ryan
et al. 1997), likely because of reductions in
photosynthesis (Ryan et al. 2004). Because of
the link of forest growth with photosynthesis,
the response to drought, precipitation, nitrogen
availability, ozone, and elevated CO, may also
change with forest age. Studies of elevated

CO, on trees have been done with young trees
(which show a positive growth response),
but the one study on mature trees showed no
growth response (Kérner et al. 2005). This
is consistent with model results found in an
independent study (Kirschbaum 2005). Tree
size or age may also affect ozone response and
response to drought, with older trees possibly
more resistant to both (Grulke and Miller 1994;
Irvine et al. 2004).

3.2.3.6 FIRE FREQUENCY AND SEVERITY
Several lines of evidence suggest that large,
stand-replacing wildfires will likely increase in
frequency over the next several decades because
of climate warming (Figure 3.7). Chronologies
derived from fire debris in alluvial fans (Pierce
et al. 2004) and fire scars in tree rings (Kitz-
berger et al. 2007) provide a broader temporal
context for interpreting contemporary changes
in the fire regime. These longer-term records
unequivocally show that warmer and drier
periods during the last millennium are associ-
ated with more frequent and severe wildfires
in western forests. GCM projections of future
climate during 2010-2029 suggest that the
number of low humidity days (and high fire
danger days) will increase across much of the
western U.S., allowing for more wildfire activ-
ity with the assumption that fuel densities and
land management strategies remain the same
(Flannigan et al. 2000; Brown et al. 2004).
Flannigan et al. (2000) used two GCM simula-
tions of future climate to calculate a seasonal
severity rating related to fire intensity and dif-
ficulty of fire control. Depending on the GCM
used, forest fire seasonal severity rating in the
Southeast is projected to increase from 10 to 30
percent and 10 to 20 percent in the Northeast by
2060. Other biome models used with a variety
of GCM climate projections simulate a larger
increase in fire activity and biomass loss in the
Southeast, sufficient to convert the southern-
most closed-canopy Southeast forests to savan-
nas (Bachelet et al. 2001). Forest management
options to reduce fire size and intensity are
discussed in Synthesis and Assessment Product
4.4 (Preliminary review of adaptation options
for climate-sensitive ecosystems and resources,
U.S. Climate Change Science Program).

By combining climate-fire relationships derived
from contemporary records with GCM simula-

Future increases
in fire emissions
across North
America will

have important
consequences for
climate forcing
agents, air quality,
and ecosystem

services.
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Future increases in fire
emissions across North
America will have impor-
tant consequences for cli-
mate forcing agents, air
quality, and ecosystem ser-
vices. More frequent fire
will increase emissions
of greenhouse gases and
aerosols (Amiro et al. 2001)
and increase deposition of
black carbon aerosols on
snow and sea ice (Flanner
et al. 2007). Even though
many forests will regrow
and sequester the carbon
released in the fire, forests
burned in the next few de-
cades can be sources of CO,

Figure 3.7 Ponderosa pine after the Hayman fire in Colorado, June 2002. While no one fire can be
related to climate or changes in climate, research shows that the size and number of Western forest for decades and not recover
fires has increased substantially since 1985, and that these increases were linked with earlier spring the carbon lost for centuries

snowmelt and higher spring and summer air temperature. Photo courtesy USDA Forest Service.
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tions of future climate, Flannigan et al. (2005)
estimated that future fire activity in Canadian
boreal forests will approximately double by
the end of this century for model simulations
in which fossil fuel emissions were allowed
to increase linearly at a rate of 1 percent per
year. Both Hadley Center and Canadian GCM
simulations projected that fuel moisture levels
will decrease and air temperatures will increase
within the continental interior of North America
because of forcing from greenhouse gases and
aerosols.

Santa Ana winds and human-triggered ignitions
play an important role in shaping the fire regime
of Southern California shrublands and forests
(Keeley and Fotheringham 2001; Westerling
et al. 2004). Santa Ana winds occur primar-
ily during fall and winter and are driven by
large-scale patterns of atmospheric circulation
(Raphael 2003; Conil and Hall 2006). Using
future predictions from GCMs, Miller and
Schlegel (2006) assessed that the total number
of annual Santa Ana events would not change
over the next 30 years. One of the GCM simula-
tions showed a shift in the seasonal cycle, with
fewer Santa Ana events occurring in September
and more occurring in December. The impli-
cation of this change for the fire regime was
unknown.

(Kashian et al. 2006) — an
important consideration
for slowing the increase in atmospheric CO,.
In boreal forests, the warming effects from
fire-emitted greenhouse gases may be offset at
regional scales by increases in surface albedo
caused by a shift in the stand age distribution
(Randerson et al. 2006). Any climate driven
changes in boreal forest fires in Alaska and
Canada will have consequences for air quality
in the central and eastern United States because
winds often transport carbon monoxide, ozone,
and aerosols from boreal fires to the south (Mc-
Keen et al. 2002; Morris et al. 2006; Pfister et
al. 2006). Increased burning in boreal forests
and peatlands also has the potential to release
large stocks of mercury currently stored in
cold and wet soils (Turetsky et al. 2006). These
emissions may exacerbate mercury toxicities
in northern hemisphere food chains caused by
coal burning.

3.2.3.7 INSECT OUTBREAKS

Rising temperature is the aspect of climate
change most influential on forest insect spe-
cies through changes in insect survival rates,
increases in life cycle development rates, facili-
tation of range expansion, and effects on host
plant capacity to resist attack (Ayres and Lom-
bardero 2000; Malmstrom and Raffa 2000; Bale
et al. 2002). Future northward range expansion
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attributed to warming temperatures has been
predicted for mountain pine beetle (Logan and
Powell 2001) and southern pine beetle (Ungerer
et al. 1999). Future range expansion of moun-
tain pine beetle has the potential of invading
jack pine, a suitable host that extends across
the boreal forest of North America (Logan and
Powell 2001). Increased probability of spruce
beetle outbreak (Logan et al. 2003a) as well
as increase in climate suitability for mountain
pine beetle attack in high-elevation ecosys-
tems (Hicke et al. 2006) has been projected in
response to future warming. The combination
of higher temperatures with reduced precipita-
tion in the Southwest has led to enhanced tree
stress, and also affected Ips beetle development
rates; continued warming, as predicted by cli-
mate models, will likely maintain these factors
(Breshears et al. 2005).

Indirect effects of future climate change may
also influence outbreaks. Increasing atmospher-
ic CO, concentrations may lead to increased
ability of trees to recover from attack (Kruger
et al. 1998). Enhanced tree productivity in re-
sponse to favorable climate change, including
rises in atmospheric CO,, may lead to faster
recovery of forests following outbreaks, and
thus a reduction in time to susceptibility to
subsequent attack (Fleming 2000). Although
eastern spruce budworm life cycles are tightly
coupled to host tree phenology even in the pres-
ence of climate change, enemy populations that
are significant in governing epidemic dynamics
are not expected to respond to climate change
in asynchronized way (Fleming 2000). Chang-
ing fire regimes in response to climate change
(Flannigan et al. 2005) will affect landscape-
scale forest structure, which influences suscep-
tibility to attack (Shore et al. 2006).

Nonnative invasive species are also significant
disturbances to forests in the United States.
Although little has been reported on climate
influences on these insects, a few studies have
illustrated climate control. The hemlock woolly
adelgid is rapidly expanding its range in the
eastern United States, feeding on several spe-
cies of hemlock (Box 1). The northern range
limit of the insect in the United States is cur-
rently limited by low temperatures (Parker et al.
1999), suggesting range expansion in the event
of future warming. In addition, the hemlock

woolly adelgid has evolved greater resistance
to cold conditions as it has expanded north
(Butin et al. 2005). The introduced gypsy moth
has defoliated millions of hectares of forest
across the eastern United States, with great ef-
forts expended to limit its introduction to other
areas (USDA Forest Service 2005). Projections
of future climate and gypsy moth simulation
modeling reveal substantial increases in prob-
ability of establishment in the coming decades
(Logan et al. 2003a).

As important disturbances, insect outbreaks
affect many forest ecosystem processes. Out-
breaks alter tree species composition within
stands, and may result in conversion from
forest to herbaceous vegetation through lack
of regeneration (Holsten et al. 1995). Carbon
stocks and fluxes are modified through a large
decrease in living biomass and a correspond-
ing large increase in dead biomass, reducing
carbon uptake by forests as well as enhancing
decomposition fluxes. In addition to effects
at smaller scales, widespread outbreaks have
significant effects on regional carbon cycling
(Kurz and Apps 19