SAP 4.3

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

Convening Lead Authors:

Peter Backlund
Anthony Janetos

David Schimel

Managing Editor:

Margaret Walsh






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

Table of Contents
1 Abstract

Executive Summary
Introduction and Background
Overarching Conclusions
Key Questions and Answers
Sectoral Findings

O© N 01 W W

15 1. Introduction

15  Intent of this Report

16  Scope of this Report

16  Guiding Questions for this Report
17  Ascribing Confidence to Findings
17 Time Horizon for this Report

18  Global Climate Context

20  U.S. Climate Context

24  Ecological and Biological Context
26  Attribution of Ecosystem Changes
26 Summary

27 2. Agriculture
27 2.1 Introduction
30 2.2 Observed Changes and Responses

30 2.2.1 Crops

30 2.2.1.1 Scope of the Agricultural Systems

31 2.2.1.2 Plant Response to Temperature

42 2.2.1.3 Crop Responses to CO,

53 2.2.1.4 Crop Response to Tropospheric Ozone

55 2.2.2 Pastureland

58 2.2.2.1 Predictions of Pastureland Forage Yields and Nutrient Cycling under
Climate Change

60 2.2.2.2 Implications of Altered Productivity, Nitrogen Cycle (forage quality),
Phenology, and Growing Season on Species Mixes, Fertilizer, and Stocking

60 2.2.3 Rangelands

61 2.2.3.1 Ecosystem Responses to CO, and Climate Drivers

67 2.2.4 Temperature Response of Animals

67 2.2.4.1 Thermal Stress

71 2.2.5 Episodes of Extreme Events

Inter-agency Review Draft—Do Not Copy, Cite, or Quote iii



Synthesis and Assessment Product 4.3 Table of Contents

71
72
72
72
73
74
74
74
76
77
78
79
82
82
82
83
83

83
84
85
85
85
85
85
86
87
87
87
88
91

93
93
96
96
97
97
99

2.2.5.1 Elevated Temperature or Rainfall Deficit
2.2.5.2 Intense Rainfall Events
2.3 Possible Future Changes and Impacts
2.3.1 Projections Based on Increment of Temperature and CO, for Crops
2.3.2 Projections for Weeds
2.3.3 Projections for Insects and Pathogens
2.3.4 Projections for Rangelands
2.3.4.1 Net Primary Production and Plant Species Changes
2.3.4.2 Local and Short-Term Changes
2.3.4.3 Forage Quality
2.3.5 Climatic Influences on Livestock
2.3.5.1 Potential Impact of Climate Change on Livestock
2.4 Observing/Monitoring Systems
2.4.1 Monitoring Relevant to Crops
2.4.1.1 Environmental Stress on Crop Production
2.4.1.2 Phenological Responses to Climate Change

2.4.1.3 Crop Pest Range Shifts in Collaboration with Integrated Pest Management
(IPM) Programs

2.4.2 Monitoring Relevant to Pasturelands
2.4.3 Monitoring Relevant to Rangelands
2.5 Interactions Among Systems
2.5.1 Climate Change and Sustainability of Pasturelands
2.6 Findings and Conclusions
2.6.1 Crops
2.6.1.1 Grain and Oilseed Crops
2.6.1.2 Horticultural Crops
2.6.2 Weeds
2.6.3 Insects and Disease Pests
2.6.4 Pasturelands
2.6.5 Rangelands
2.6.6 Animal Production Systems

3. Land Resources
3.1 Introduction
3.2 Forests
3.2.1 Brief Summary of Key Points from the Literature
3.2.2 Observed Changes or Trends
3.2.2.1 Climate and Ecosystem Context
3.2.2.2 Temperature

Inter-agency Review Draft—Do Not Copy, Cite, or Quote



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

99 3.3.3.2 Fire and Insect Outbreaks
101 3.2.3 Possible Future Changes and Impacts
101 3.2.3.1 Warming
102 3.2.3.2 Changes in Precipitation
103 3.2.3.3 Elevated Atmospheric CO, and Carbon Sequestration
106 3.2.3.4 Forests and Carbon Sequestration
107 3.2.3.5 Interactive Effects including Ozone, Nitrogen deposition, and Forest Age
108 3.2.3.6 Fire Frequency and Severity
109 3.2.3.7 Insect Outbreaks
112 3.2.3.8 Storms (Hurricanes, Ice Storms, Windstorms)
113 3.2.3.9 Changes in Overstory Species Composition
114 3.2.4 Indicators and Observing Systems
114 3.2.4.1 Characteristics of Observing Systems
115 3.2.4.2 Indicators of Climate Change Effects
116 3.2.4.3 Current Capabilities and Needs
118 3.2.5 How Changes in One System Affect Other Resources
118 3.3 Arid Lands
118 3.3.1 Brief Summary of Key Points from the Literature
119 3.3.2 Observed and Predicted Changes or Trends
119 3.3.2.1 Introduction
120 3.3.2.2 Bio-Climatic Setting
123 3.3.2.3 Climate Influences at Local Scales
123 3.3.2.4 Climate and Disturbance
124 3.3.2.5 Desertification
126 3.3.2.6 Biotic Invasions
127 3.3.2.7 A Systems Perspective
128 3.3.3 Species Distributions and Community Dynamics
128 3.3.3.1 Climate-Fire Regimes
129 3.3.3.2 Drought and Vegetation Structure
130 3.3.3.3 Plant Functional Group Responses
131 3.3.3.4 Charismatic Mega Flora
132 3.3.4 Ecosystem Processes
132 3.3.4.1 Net Primary Production and Biomass
133 3.3.4.2 Soil Respiration
133 3.3.4.3 Net Carbon Balance
134 3.3.4.4 Biogeochemistry
135 3.3.4.5 Trace gases

Inter-agency Review Draft—Do Not Copy, Cite, or Quote %



Synthesis and Assessment Product 4.3 Table of Contents

135
136
137
138
139
139
140
141
141
141
145
148
148
149
150

153
153
154
156
157
158
158
160
161
161
162
164
164
165
166
166
166
168
170
172
173
174
175

Vi

3.3.5 Arid Land Rivers and Riparian Zones
3.3.5.1 Water Budgets
3.3.5.2 Native and Non-Native Plant Interactions
3.3.5.3 Extreme Events
3.3.6 Water and Wind Erosion
3.3.6.1 Water Erosion
3.3.6.2 Wind Erosion
3.3.6.3 Impacts of Water and Wind Erosion
3.3.7 Indicators and Observing Systems
3.3.7.1 Existing Observing Systems
3.3.7.2 Observing Systems Required For Detecting Climate Change Impacts
3.4 Findings and Conclusions
3.4.1 Forests
3.4.2 Arid Lands
3.4.3 Observing Systems for Forests and Arid Lands

4. Water Resources
4.1 Introduction
4.1.1 Hydroclimatic Variability in the United States
4.1.2 Characteristics of Managed Water Resources in the United States
4.1.3 U.S. Water Use and Water Use Trends
4.2 Observed Changes in U.S. Water Resources
4.2.1 Observed Streamflow Trends
4.2.2 Evaporation Trends
4.2.3 U.S. Drought Trends
4.2.4 Regional Assessment of Changes in U.S. Water Resources
4.2.4.1 West
4.2.4.2 Central
4.2.4.3 Northeast
4.2.4.4 South and Southeast
4.2.4.5 Alaska
4.2.4.6 Hawaii
4.2.5 Water Quality
4.3 Attribution of Changes
4.4 Future Changes and Impacts
4.4.1 Hydrology and Water Resources
4.4.1.1 The West
4.4.1.2 Central
4.4.1.3 Northeast

Inter-agency Review Draft—Do Not Copy, Cite, or Quote



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

176
176
177
177
178
180
182
185

187
187
188
188
190
190
192
194
195
196
197
197
198
200
200
201
202
205
206
206
206
207
208
208
209
209
211
215
217
218

4.4.1.4 South and Southeast
4.4.1.5 Alaska
4.4.1.6 Hawaii
4.4.2 Water Quality
4.4.3 Groundwater
4.5 Hydrology-Landscape Interactions
4.6 Observing Systems
4.7 Findings and Conclusions

5. Biodiversity
5.1 Introduction and Framework
5.2 Changes in Distribution and Phenologies in Terrestrial Ecosystems
5.2.1 Growing Season Length and Net Primary Production Shifts
5.2.2 Biogeographical and Phenological Shifts
5.2.2.1 Migratory Birds
5.2.2.2 Butterflies
5.2.2.3 Mammals
5.2.2.4 Amphibians
5.2.3 Geographical and Distributional Responses of Plants
5.3 Changes in Coastal and Near-Shore Ecosystems
5.3.1 Coral Reefs
5.3.1.1 Increasing Temperature and Acidification of Ocean Waters
5.3.2 Coastal Communities and Ecosystems
5.3.2.1 Wetlands and Barrier Islands
5.3.2.2 Rocky Intertidal Zones
5.4 Climate Change, Marine Fisheries and Marine Ecosystem Change
5.4.1 Observed and Projected Impacts
5.5 Changes in Pests and Pathogens
5.5.1 Interactions of Climate Change with Pests, Pathogens, and Invasive Species
5.5.1.1 Mountain Pine Beetle Explosion
5.5.1.2 Poleward Migration of Plant Pests and Pathogens
5.5.1.3 Climate Change and Pathogens
5.5.1.4 Climate Change and Invasive Plants
5.6 Particularly Sensitive Systems
5.6.1 Impacts of Climate Change on Montane Ecosystems
5.6.2 Arctic Sea-Ice Ecosystems
5.7 Ecosystem Services and Expectations for Future Change
5.8 Adequacy of Observing Systems
5.9 Major Findings

Inter-agency Review Draft—Do Not Copy, Cite, or Quote vii



Synthesis and Assessment Product 4.3 Table of Contents

219 5.9.1 Growing Season and Phenology
219 5.9.2 Biogeographical and Phenological Shifts
220 5.9.3 Migratory Birds

220 5.9.4 Butterflies

220 5.9.5 Coastal and Near Shore Systems
220 5.9.6 Corals

220 5.9.7 Marine Fisheries

221 5.9.8 Pests and Pathogens

221 5.9.9 Invasive Plants

222 5.9.10 Particularly Sensitive Systems
222 5.9.11 Arctic Sea-lce Ecosystems

223  5.10 Conclusions

225 6. Synthesis

225 6.1 Introduction

225 6.2 Key Questions and Answers

232 6.3 Designing Systems to Monitor Climate Change Impacts

234 6.4 Integration of Ecosystem Observations, Modeling, Experiments and Analysis
235 6.5 Overarching Conclusions

237 Appendix A. References
237  Agriculture

265  Land

303  Water

313  Biodiversity

337 Appendix B. Acronym List and Glossary
337  Acronym Glossary
339  Glossary

343 Appendix C. Prospectus for Synthesis and Assessment Product 4.3

viii Inter-agency Review Draft—Do Not Copy, Cite, or Quote



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

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 21 Synthesis and Assessment
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 dramatically. 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.

Even 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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Executive Summary

1 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 coordinated 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 findings in each of these sectors can be found in Section 4 of this
Executive Summary.

e Agriculture: (a) cropping systems, (b) pasture and grazing lands, and (c) animal
management

e Land Resources: (a) forests and (b) arid lands
e Water Resources: (a) quantity, availability, and accessibility and (b) quality
e 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:

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

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

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

e 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?

Inter-agency Review Draft—Do Not Copy, Cite, or Quote 3
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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.

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
infomration 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.

ee of Likelihood
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Figure 1 Language for Describing Confidence in Findings

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, 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 precipitation over land increased about two percent
during this same period. Looking ahead, human influences will continue to change Earth’s
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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
increases 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 U.S. 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 10C to more than 40C. The West and
Southwest are likely to become dryer, 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.

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 temperatures are increasing in most of the continental United States. The
western United States is experiencing 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 significant 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 25to 50 years, regardless of reductions in greenhouse gas emissions, due to
emissions that have already occurred. U.S. ecosystems and natural resources are already being
affected by climate system changes and variability. 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. Management 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.
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Many other stresses and disturbances are also affecting these resources (very likely). For
many of the changes documented in this assessment, there are multiple environmental drivers —
land use change, nitrogen cycle changes, point and nonpoint source pollution, wildfires, invasive
species — that are also changing. Atmospheric deposition of biologically available nitrogen
compounds continues to be an important 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 exacerbate the risks
from climate change alone. For example, 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
consequences 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
species 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
Assessment, some products of ecosystems, such as food and fiber, are priced and traded in
markets. 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 makers, 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 processes. All of the existing monitoring systems, however, have been
put in place for other reasons, and none have been optimized specifically 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
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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 monitoring systems designed specifically for detecting 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 potential future changes. But it must be emphasized that improved observations,
while needed, are 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 contribute 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
precipitation; snowmelt, runoff, evaporation, and soil moisture; the frequency of disturbances,
such as drought, insect and disease outbreaks, severe storms, and forest fires; atmospheric
composition and air quality; and patterns of human settlement and land use change. Thus,
climate change leads to myriad direct and indirect effects on U.S. ecosystems. 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. 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) experience 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.
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What current and potential observation systems could be used to monitor these
indicators? 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 satellites, 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 quality observing
systems, the Department of Energy (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 haphazardly 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 unrelated
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
observations 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, understanding, and forecasting of weather through
highly integrative analyses blending data and models. This operational activity requires
substantial infrastructure and depends on federal, university, and private sector research for
continual improvement. By contrast, no such integrative analysis of comprehensive ecological
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 observing systems is reasonably able overall to monitor
ecosystem change and health in the United States, but neither the observing systems nor the
current state of scientific understanding is adequate to rigorously quantify climate contributions
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 associated 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
monitoring systems that have been used to evaluate the relationship between changes in the
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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. agriculture, land resources, water resources, and
biodiversity, 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
effectiveness 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 deposition has come from
manipulative experiments. Institutional support for such experiments is a concern.

4 Sectoral Findings

Agriculture: The broad subtopics considered in this section 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 climates, 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 influences insects, disease, and weeds,
which in turn affect agricultural production.

e 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 variability increases and precipitation lessens or
becomes more variable.

e 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.

e 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 C; “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.
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Disease pressure on crops and domestic animals will likely increase with earlier springs
and warmer winters, which will allow 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.

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 species 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. For ruminants, current management systems generally do not provide shelter to
buffer the adverse effects 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 numerous,
but integration across these systems is limited. Existing state-and-transition models could
be expanded to incorporate knowledge of how agricultural lands and products respond to
global change; integration of such models with existing monitoring efforts and plant
developmental data bases could provide cost-effective strategies that both enhance
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 composition, and the frequency
and magnitude of disturbances 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. Disturbance and land use will control
the response of arid lands to climate change. Many plants and animals in arid ecosystems are
near their physiological 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.

10

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 photosynthesis for forests, but this increase will likely
only enhance wood production in young forests on fertile soils.
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e Nitrogen deposition and warmer temperatures have very likely increased forest growth
where adequate water is available and will continue to do so in the near future.

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

e 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.

e Inarid 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.

e 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.

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

e Changes in temperature and precipitation will very likely decrease the cover of vegetation
that protects the ground surface from wind and water erosion.

e Current observing systems are very likely inadequate to separate climate change effects
from other effects. No coordinated national network exists to monitor change associated
with disturbance and alteration of land cover and land use.

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, particularly 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 conditions well outside of historical parameters and erodes predictability.

e Most of the United States experienced increases 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.
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e Consistent with streamflow and precipitation 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 Thereis a trend toward reduced mountain snowpack and earlier spring snowmelt runoff
peaks across much of the western United States. This trend is very likely attributable 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.

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

e 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 temperature 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 United States, although a
comprehensive analysis similar to those reviewed for streamflow trends has yet to be
conducted.

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 Mississippi, to substantial decreases in annual runoff in the
interior of the west (Colorado and Great Basin).

e 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.

e Essentially no aspect of the current hydrologic observing system was designed specifically
to detect climate change or its effects on water resources. Many of the existing systems are
technologically obsolete, are designed to achieve specific, often incompatible management
accounting goals, 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 difficult or impossible to recover
or replace, once it is eroded. Climate change is affecting U.S. biodiversity and ecosystems,
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including changes in growing season, phenology, primary production, and species distributions
and diversity. It is very likely that climate change will increase in importance as a driver for
changes in biodiversity over the next several decades, although for most ecosystems it is not
currently the largest driver of change.

e 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.

e Inan analysis of 866 peer-reviewed papers exploring the ecological consequences of
climate change, nearly 60% 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.

e Corals in many tropical regions are experiencing substantial mortality from increasing
water temperatures, increasing storm intensity, and a reduction in pH, on top of a host of
other ongoing challenges from development and tourism, fishing, and pollution.

e 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 provide
denning and foraging habitat for polar bears.

e There are other possible, and even probable, impacts and changes in biodiversity (e.g.
disruption of the relationships between pollinators, 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 observations is evidence that changes are not occurring.

e Itis difficult to pinpoint changes in ecosystem 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.

e 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 population data and associated climatic and other environmental
data, and spatially extensive observations derived from remotely sensed data. However, in
very few cases were these monitoring systems established with climate variability and
climate change in mind, so 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 maintained for long enough to enable careful time-series studies to be
conducted.
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1. Introduction

Lead Authors
P. Backlund, D. Schimel, A.C. Janetos

Contributing Authors:
J. Hatfield, M.G. Ryan, D. Lettenmaier

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 product is the U.S. Department of Agriculture.

The purpose of this assessment, and more broadly, of all the CCSP Scientific Assessment
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 important
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 scientists and researchers from universities, non-governmental organizations, and
government 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: There is 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 US land management agencies are not prepared to
address this issue. This analysis also highlights the need for assessment of climate change
impacts on U.S. natural resources and assessment of monitoring systems needed to provide
information to support effective decision making about mitigation and adaptation in periods of
potentially rapid change. This report addresses this issue by providing an assessment specific to
US 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 US 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.
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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:

e Agriculture
o Cropping systems
o Pasture and grazing lands
o Animal management

e [Land Resources
o Forests
o Arid lands

e Water Resources
o Quantity, availability, and accessibility
o Quality

e Biodiversity
o Species diversity
o Rare and sensitive ecosystems

Equally important are the elements of the climate change problem that are not addressed by
this report. While the report was specifically asked to address 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.; US National Assessment), they
are the subject of another of the CCSP Synthesis and Assessment Products (4.4, check the
number). 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
of impacts on natural resources are not discussed, nor are the potential costs or benefits of
changes 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
significant. 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 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 resources 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
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response to climate change, and when and where to look for these changes. The assessment is
guided by five overarching questions:

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

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

e What are the indicators of these stresses?

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

e (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?

Ascribing Confidence to Findings: The authors of this document have used language
agreed to by the CCSP agencies to describe 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. There are cases where we have not applied the agreed
terminology because we felt it was not an accurate representation of work published by others.
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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 reasons. First, for many natural resources, planning
and management activities already addresses these time scales through the development of long-
lived infrastructure, forest rotations, and other significant investments. Second, we will
experience significant warming from greenhouse gas emissions that have already occurred,
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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 diverge, 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, deforestation, and other
industrial processes are rapidly increasing the atmospheric concentrations 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 atmospheric composition are
changing the global climate and beginning to affect terrestrial and marine ecosystems.

e 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.

e 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 percent of the heat added to the climate system.

e 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 warmest years on record occurred since 1996.

e Global precipitation over land increased about 2 percent over the last century, with con-
siderable variability by region (Northern Hemisphere precipitation increased by about 5
to 10 percent during this time, while West Africa and other areas experienced decreases).

e 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 in the Northern Hemisphere has length-
ened by about 1 to 4 days per decade in the last 40 years, especially at high latitudes.

e 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.

Change and variability are persistent features of climate, and the anthropogenic climate
change now occurring follows millennia of strictly natural climate changes and variability.
Paleoclimate records, including natural archives in tree rings, corals, and glacial ice, now show
that the climate of the last millennium has varied significantly 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
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reproduced 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).
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Figure 1.2 Temperatures of the Last Millennium and the Next Century. The effects of historical reconstructions 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.

It is also clear that human influences will continue 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,
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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:

e Ifatmospheric concentration of CO, increases to about 550 parts per million (ppm),
global average surface temperature would likely increase by about 1.1-2.9°C by 2100.

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

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

e Even if atmospheric concentration of CO, were stabilized at today’s concentrations of

about 380 ppm, global average surface temperatures 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 U.S. has warmed
significantly overall, but change varies by region (Figure 1.3). Some parts of the U.S. 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).
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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 stations 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.
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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.
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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 considerable
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 from
approximately 1°C in the southeastern United States and to more than 2°C in Alaska and
northern Canada, with other parts of North America having intermediate values.
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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 if we follow IPCC emissions scenario A1B,
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). 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 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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The average temperature and precipitation are not the only factors that affect ecosystems.

Extreme climate conditions, such as droughts, heavy rainfall, snow events, and heat waves affect

individual species and ecosystems structure 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 approximately 2030.
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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 A1B, 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 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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Figure 1.7 shows projected changes in frost days and growing season.

IPCC ATE  Frostdays 2030-1580 IPCC ATE  Growing season 2030-1830
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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 A1B, 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.

Ecological and Biological Context: Climate variability and change have many impacts on
terrestrial and marine ecosystems. Ecosystem responses to climate have implications for
sustainability, biodiversity, and the ecosystem goods and services available to society. 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 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; fertilization, 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).
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Responses of photosynthesis and other processes that contribute to overall plant growth to
warming are nonlinear. Each process (e.g. 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 affect photosynthesis and growth and may reduce
carbon uptake or even cause mortality. Warming 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 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.

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 U.S.damaged 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
processes, 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 Oscillation
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. Subtropical 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 consequences 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 management practices, overfishing, etc., are
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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 ecosystems. These
include changing patterns of land management, intensification of land use and exurban
development, new management practices (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
impact separately. In a system affected by, for example, temperature, ozone, and changing
precipitation, assigning a percentage of an observed change to each factor is generally
impossible. Research on improving techniques for separating influences is ongoing, but in some
cases drivers of change interact with each other, making 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 volcanic effects were comparable in magnitude to the
then-lower greenhouse gas effects. These natural swings sometimes enhanced and sometimes hid
the effects of greenhouse gases. The warming due to greenhouse gases is now quite large and the
“signal” of the greenhouse warming 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 continue have significant effects on the ecosystems
of the United States, and the services those ecosystems provide. The balance of this report will
document some of the observed historical changes and provide insights into how the continuing
changes may affect the nation’s ecosystems.
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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
variability 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 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 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 production seems uncomplicated—they see only the
staples that end up on grocery store shelves. The reality, however, is far from simple. Valued at
$200 billion in 2002, agriculture includes a wide range of plant and animal production systems
(Figure 2.1).
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) e VA o sl Figure 2.1 The extensive and intensive nature of U.S.
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S ) presents the market value of all agricultural products sold in

2002 and their distribution. (USDA National Agricultural
Statistics Service.)

The United States Department of Agriculture
(USDA) classifies 116 plant commodity groups as
agricultural products, as well as four livestock
il — groupings (beef cattle, dairy, poultry, swine) and

w0 products derived from animal production, e.g.,
A - S 2 wEEE cheese or eggs. Of these commodities, 52 percent
T 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 commodity production, not including pastureland or
rangeland production (Figure 2.2).
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crops and livestock represent approximately equal
portions of the commodity value. (USDA National
Agricultural Statistics Service.)
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The many U.S. crops and livestock varieties
are grown in diverse climates, regions, and soils.
No matter the region, however, weather and
climate characteristics such as temperature,
precipitation, CO,, and water availability directly
impact the health and well-being of plants and
livestock, as well as pasture and rangeland
production. The distribution of crops and
livestock is also determined by the climatic
resources for a given region and U.S. agriculture
has benefited from optimizing the adaptive areas of crops and livestock. For any commodity,
variation in yield between years is related to growing-season weather effects. These effects also
influence how insects, disease, and weeds affect agricultural production.

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.
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 affect production through, for instance, variance in temperature
during spring (flowering) and fall (fruit maturity).
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Additionally, this chapter will look at beef g
cow production, which is ubiquitous across the Ba B
United States (Figure 2.3). Because of the regular
presence of beef cows across the nation, beef cow ai

vitality provides an effective indicator of the (A g
regional impact of climate change. While beef { :
cows are found in every state, the greatest number ¢\ |
are raised in regions that have an abundance of NPC T —
native or planted pastures (Figure 2.4) which i o
provide easy access to accessible feed supplies for
the grazing animals.

- . =

.
| man
L | 0 Dt s e s s e

Figure 2.3 Distribution of beef cow inventory
across the United States in 2002. (USDA National
Agricultural Statistics Service.)
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Figures 2.4a and 2.4b Distribution of pastureland and rangeland across the United States in 1997.

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 reduction
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 species 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 composed principally of native grasses, grasslike 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.
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Grazed

Pastureland Forest land Total
Year Rangeland (millions of acres) (millions of acres) (millions of acres)
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 405.1 117.0 543 576.4

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

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 4.4
Lower Colorado / Upper Colorado 0.8 0.9 0.9
Lower Mississippi 5.6 54 5.0
Missouri 204 19.2  18.0
New England / Mid Atlantic 7.4 6.3 5.6
Ohio / Tennessee River 209 19.8 177
Pacific Northwest 4.6 4.7 4.3
Souris- Red-Rainy / Upper Mississippi  14.5 12,7 11.7
South Atlantic-Gulf 155 159 139
Texas-Gulf/ Rio Grande 147 144 134
Totals 1311 1252 117.0

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

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

production systems across the United States. However, this chapter’s scope includes species
covered in the available scientific literature that evaluates observed responses to changing
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climate characteristics. In the crops section, the focus is on maize (corn), soybean (Glycine max),
wheat (Triticum aestivum), rice (Oryza sativa), sorghum (Sorghum bicolor), cotton (Gossypium
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 operations
compared to a direct effect on the animal. Similar statements can be made for swine production
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
enterprises has increased dramatically over the past decades due to improvements in technology,
and the responses to these changes in technology overwhelm responses to global change that
almost certainly are present but are statistically undetectable against the background of large
technological improvements. Fortunately, numerous manipulative experiments have been
conducted on these managed agricultural systems wherein temperature, CO,, Os, 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 details of each experiment
have been different — different temperature changes have been explored, different concentrations
of CO,, different crop varieties and so forth. The problem remains as to how to represent such
experimental 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
increased 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 experimental data available.

2.2.1.2 Plant Response to Temperature
2.2.1.2.1 General Response

Crop species differ in their cardinal temperatures (critical temperature range) for life cycle
development. There is a base temperature for vegetative development, at which growth
commences, and an optimum temperature, at which the plant develops as fast as possible.
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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 presented below, in Tables 2.3 and 2.4, for selected annual (non-perennial) crops under
conditions in which temperature is the only limiting variable.

Opt Temp  Failure

Base Opt Base Opt  Opt Temp Range Temp

Temp Temp Temp Temp Range Reprod  Reprod

Crop, Veg Veg Repro Repro Veg Prod Yield Yield
Maize 8! 341 8! 341 18-22¢ 35%
Soybean 7 30* 6° 26° 25-378 22-24° 397
Wheat 0% 26° 18 26° 20-30° 1510 3411
Rice 812 36! 8! 331 334 23.261%1 35-361
Sorghum 816 3416 81e 31" 26-3418 251719 351
Cotton 1420 3740 1420 28-30% 344 25-26% 35%
Peanut 10# =304 11# 29-33% 31-35% 20-26%47 39%
Bean 23% 23-24%8.2 32%
Tomato 70 22% 70 22% 22.25% 30%

Table 2.3. For several economically significant crops, information is provided regarding cardinal, base, and optimum
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.

!Kiniry and Bonhomme (1991):, Muchow et al. (1990); *Herrero and Johnson (1980); “Hesketh et al. (1973);
®Boote et al. (1998); °Boote et al. (1997); 'Boote et al. (2005); ®Hodges and Ritchie (1991); °Kobza and Edwards
(1987); **Chowdury and Wardlaw (1978); **Tashiro and Wardlaw (1990); *?Alocilja and Ritchie (1991); 3Baker et
al. (1995); “*Matsushima et al. (1964); Horie et al. (2000); *°Alagarswamy and Ritchie 1991); *’Prasad et al.
(2006a); “®Maiti (1996); ®Downs (1972); *°K.R. Reddy et al. (1999, 2005); **V.R. Reddy et al. (1995); ?K.R.
Reddy et al. (2005); 2K.R. Reddy et al. (1992a, 1992b); 2*Ong (1986); **Bolhuis and deGroot (1959); *°Prasad et
al. (2003); *’'Williams et al. (1975); **Prasad et al. (2002); *°Laing et al. (1984); **Adams et al. (2001); *'Peat et al.
(1998).

One caveat is that the various scenarios for global change predict increasing air temperatures,
but plants often are not growing at air temperature. 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 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 temperatures 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
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first approximation, we expect future crop canopy temperatures to increase by about the same
amount as air temperatures with global warming.

Acceptable Temp Opt Temp Acceptable Temp

Climatic (C) For (C) For (C) Growth Frost
Classification Crop Germination Yield Range  Sensitivity
Hot Watermelon 21-35 25-27 18-35 +
Okra 21-35 18-35 +
Melon 21-32 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 comn 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 10-3 18-25 5-25 )
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(23) 5-25 -
Table 2.4 Temperature thresholds for selected vegetable crops. Values are approximate, and for relative
comparisons 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).
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Winter Chill Requirement (hours)*

Minimum Minimum Frost-

Crop Common Varieties Other Winter Temp (C) Free Period (days)
Almond 100-500 -10 >180
Apple 1000-1600 400-1800 -46 to -4 <100 (+)
Blueberry 400-1200

(northern highbush) 0-200 -35to-12 <100 (+)
Cherry 900-1200 600-1400 -29 to -1 <100 (+)
Citrus 0 -Tto4 >280
Grape (European) 100-500 -25to4 >120
Grape (American) 400-2000 (+) -46to -12 <100 (+)
Peach 400-800 200-1200 -29to 4 >120
Pear 500-1500 -35to -1 =100
Pecan 600-1400 -10 >180
Pistachio 600-1500 400-600 (Asian) -10 >180
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

Table 2.5 Winter chill requirement, winter hardiness (minimum winter temperature), and minimum frost-free period
(growing season requirements) for selected woody perennial 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., O 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).

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,
temperatures that fall below or above specific thresholds 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
reproductive stage of development affect pollen viability, fertilization, and grain or fruit
formation. Chronic as well as short-term exposure to high temperatures during the pollination

! 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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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.

For most perennial, temperate fruit and nut crops, winter temperatures play a significant role
in productivity (Westwood 1993). There is considerable genotypic variation among fruit and nut
crops in their winter hardiness (that is, the ability to survive specific low temperature extremes),
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
temperature 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.

2.2.1.2.2.1 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.,
21.5 to 24.0°C in Champaign, Ill.), or compared to warm tropical sites (26.3 to 28.9°C). For the
[llinois location, simulated yield decreased five to eight 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
decrease yield by about 4 percent (Table 2.7) 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 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
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Grain Yield ——— — Evapotranspiration —
CO, Temp/CO, CO,

Temperature (380 to 440 Combined Temp (380 to 440

Crop (1.2°C)1 ppm) 2 Irrigated (1.2°C)3 ppm)*
%o change

Comn — Midwest
(22.5°C) 4.0 +1.0 3.0 +1.8
Corn — South
(26.7°C) -4.0 +1.0 -3.0 +1.8
Soybean — Midwest
(22.5°C) +2.5 +7.4 +9.9 +1.8 2.1
Soybean — South
(26.7°C) 3.5 +7.4 +3.9 +1.8 2.1
Wheat — Plains
(19.5°C) 6.7 +6.8 +0.1 +1.8 1.4
Rice — South
(26.7°C) -12.0 +6.4 -5.6 +1.8 -1.7
Sorghum
(full range) 94 +1.0 -84 +1.8 -3.9
Cotton — South
(26.7°C) 5.7 +9.2 +3.5 +1.8 14
Peanut — South
(26.7°C) 5.4 +6.7 +1.3 +1.8
Bean — relative to
23°C -8.6 +6.1 -2.5 +1.8

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 references,
although yield of all the cereal crops declines with a temperature slope that originates below current mean air
temperatures during grain filling.

1Response 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. From 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%.
*From 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.

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 reduction 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

36 Inter-agency Review Draft—Do Not Copy, Cite, or Quote



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

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
dependent on vapor pressure deficit (Fonseca and Westgate 2005). There is limited data on
sensitivity of kernel set in maize to elevated temperature, 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 increasingly 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 temperatures (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 temperature 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
progressive 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 temperatures 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 (Tb), 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 temperatures
and tolerance of elevated temperature were present, but differences were not very large or
meaningful. Salem et al. (2007) evaluated soybean grown at 38/30°C versus 30/22°C (day/night)
temperatures. The elevated temperature reduced pollen production by 34 percent, pollen
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).

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 percent with a 1.2°C rise (Table 2.6). By contrast, soybean
production in the southern United States, where mean growing season temperatures 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 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
temperature (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 1s 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 reduction in grain filling period from Chowdury and Wardlaw
(1978), relative to the mean temperatures 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 temperature 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 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 decrease 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
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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).
Temperatures 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).

2.2.1.2.2.4 Rice

The response of rice to temperature has been well studied (Baker and Allen 1993a, 1993b;
Baker et al. 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 filling 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 production 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 increasing temperature, until the pollination failure point
(Baker and Allen 1993a). Rice ecotypes, 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 pollen
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 reduction 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°C rise.
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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 reproductive
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). Nevertheless, 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 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 shortening
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); therefore,
the reported responses are likely.

2.2.1.2.2.6 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 appearance has a relatively high base temperature of 14°C, and
a relatively high optimum temperature of 37°C, thus leaf and vegetative growth appear to tolerate
elevated temperature (Reddy et al. 1999, 2005). On the other hand, reproductive 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 highest 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
et al. 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). Pettigrew (2008) evaluated two cotton genotypes under
a temperature regime 1°C warmer than current temperatures and found lint yield was 10 percent
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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 cotton is more sensitive to elevated temperature
than soybean and peanut, but similar in sensitivity 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 photosynthesis
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 elevation, 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
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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 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).

2.2.1.2.2.9 Tomato

Tomato is an important vegetable crop known to suffer heat stress in mid-summer in
southern U.S. locations. The base and optimum temperature is 7°C and 22°C for rate of leaf
appearance, 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 temperature 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
affected by heat stress. The anticipated temperature 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 exceeding 25°C will likely reduce tomato production.
Depending on region of production, tomato 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 temperature 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 indicate a 33 percent increase in average yield for
many Cj; 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
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effect on seed size. The C,4 species response to doubling 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 Cs; weeds benefit more than Cs crop species from elevated CO, (Ziska 2003).

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. 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.

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

Maize, being a C4 species, is less responsive to increased atmospheric CO,. Single leaf
photosynthesis of maize shows no effect of CO, on quantum efficiency, but there is a minor
increase in leaf rate at light saturation (three percent for 376 to 542 ppm, Leakey et al. 2006).
There is a paucity 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,.
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Leaf Total Stomatal Canopy

Crop Photosynthesis Biomass Grain Yield conductance T,ET
%o change

Com 31" 41,234 AL 2 345
Soybean 398 37¢ 389, 347 -408  -93.-12%10"
Wheat 351 15-274 3189 -33to 43W -815.16*
Rice 361? 301? 301?,18 _1019,2?
Sorghum 940, 21" 3 840, 022 =373 134
Cotton 33# 36% 4424 -36% -8%
Peanut 27% 36% 30%
Bean 50% 30% 27%

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.

References: ‘Leakey et al. (2006)*; King and Greer (1986); *Ziska and Bunce (1997); “Maroco et al. (1999);
°Leakey et al. (2006)*; Ainsworth et al. (2002); ’Allen and Boote (2000); 8allen et al. (2003); “Jones et al. (1985);
Bernacchi et al. (2007)*; *Long (1991); **Lawlor and Mitchell (2000); **Amthor (2001); **wall et al. (2006)*; **Andre
and duCloux (1993); ‘°Kimball et al. (1999)*; ‘"Horie et al. (2000); '®Baker and Allen (1993a); '°Baker et al. (1997a);
®prasad et al. (2006a); Zwall et al. (2001); Z0ttman et al. (2001)%; BTriggs et al. (2004)*; **K.R. Reddy et al.
(1995;1997); *Reddy et al. (2000); “°Prasad et al. (2003); *’Yoshimoto et al. (2005).

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 during 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 Cy4 species to incremental CO; increases (330 to
660 ppm) as parameterized in the CERES-Maize (Crop Environment Resource Synthesis) or
EPIC (Environmental Policy Integrated Climate) models based on sparse data (Tubiello et al.
2007).

In summary, the evidence for maize response to CO, is sparse and questionable, resulting in
only 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 C4 crop, gave 9,
34, and 8 percent increases in leaf photosynthesis, biomass, and grain yield, respectively, with
doubling of CO, when grown in 1-by-2-meter, sunlit controlled-environment chambers (Prasad
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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).

Soybean is a C; 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 grown in large, >1-square-meter crop stands grown
in soil because yield response to CO; potted 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 Cq4
species (Morison 1987), and seed harvest index was reduced by 9 percent. The Cs photosynthetic
response to CO, enrichment is well documented, and generally easy to predict using either the
Farquhar and von Cammerer (1982) equations, or simplifications based on those equations. The
CROPGRO-soybean model (Boote et al. 1998), parameterized with Farquhar kinetics equations
(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
increase 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).
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 soybean yield in lowa would
have increased 9.1 percent between 1958 and 2000, during which time the CO, increased from
315 to 370 ppm; thus some of the past yield trend of soybean 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 optimum 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,
biomass, 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).

Inter-agency Review Draft—Do Not Copy, Cite, or Quote 45



Synthesis and Assessment Product 4.3 Agriculture

For peanut, a warm-season grain legume, doubling CO; increased light-saturated leaf
photosynthesis, 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 experiment 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 conservation 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 response of these C; 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; Snyder
2000), wheat (Mitchell et al. 1993), soybean (Baker et al. 1989; Pan 1994), dry bean (Prasad et
al. 2002), peanut (Prasad et al. 2003), or sorghum (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 sensitivity 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.
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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 reproduction 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 adversely 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 photosynthesis 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 reproductive 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 temperature did not affect yield, higher temperatures reduced grain yield at both CO,
levels such that 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 beneficial 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 temperature
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 evidence 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, enrichment, at N applications of 40, 120, and 200 kg N
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ha-1, respectively. For indica rice, 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,4 bahiagrass (Paspalum notatum), Newman et al. (2006) observed no biomass
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 Os

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,
CO3, and O3 — can affect water use. These include: (1) 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.

] ET Sensitivity (°C or %o change)
Weather or Plant Variable

Summer Day Whole Year
Tan. air temperature with absolute humidity constant, EC 2394 3.435
T, air temperature with relative humidity constant, EC 1.489 2.052
R.. solar radiation, % 0.585 0.399
€., 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

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 temperature) 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 summer day (21 June 2000),
and for the whole 2000 year. Calculations were made hourly then summed for the clear summer day and whole year.

When plants are young and widely spaced, increases in leaf area are approximately
proportional to the increases in growth, and transpiration 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 maturity, thereby shortening the leaf area duration with the possibility of reducing
the total season water requirement for such crops.
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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
stomatal conductance from chamber-based studies 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) calculated an average reduction of about 40 percent with no
difference between C; and C4 species. More recently, Wand et al. (1999) performed a meta-
analysis on observations reported for wild C; and C4 grass species, and found that with no
stresses, elevated CO; reduced stomatal conductance by 39 and 29 percent for C; and C4 species,
respectively. The stomatal conductance of woody plants appears to decrease less than that of
herbaceous plants in elevated CO,, as 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 conductance of soybean for a wide range of CO, concentrations,
with the reduction for a doubling 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 ambient
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 Cs and Cy4
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 conductance on the
order of 10 percent compared to today’s values.

However, as plants shift from vegetative to reproductive growth during their life cycles,
proportionately more of the accumulating biomass is partitioned to other organs, such as

developing grain. At this point, leaf area and Evapotranspiration
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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,
depending 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 elevated 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 O3 (about 75 ppb), and combined elevated CO, plus O; in controlled environment
chambers. The ozone treatment reduced conductance by about 20 percent, while both CO, and
CO,+0s3 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,+0O; in open-top chambers, and they
found that all three treatments produced reductions in stomatal conductance of approximately 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 reduction of
stomatal conductance with elevated CO, (680 ppm) and a similar amount in combination with
elevated O3, but their results are variable and mutually inconsistent among treatments. In a
FACE project that included both CO; and Os treatments, Noormets et al. (2001) measured
stomatal conductance of aspen leaves. Results varied with leaf age and aspen clone, but generally
it appears that conductance had the following treatment rank: Control>0;>CO,+05>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 O3 was elevated
by 50 percent above ambient conditions, Bernacchi 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 O; that are considerably above zero, the effects on
conductance of the additional increases in O3 levels that are likely to occur in the next 30 years
are likely to be rather small.

Water vapor pressure (¢) 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 balance and temperature of a crop’s leaf canopy will
affect leaf water vapor pressure, and ultimately 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 temperature 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 increases temperature plus CO, likely will result in insignificant
changes in ET within the next 30 years.
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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/m” less in the FACE
plots compared to the control plots at ambient CO, when the crop had ample water (Figure 2.6).
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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 models (GCMs),
and estimates of decreased stomatal conductance due to elevated CO; (e.g., Allen et al. 1991;
Izaurralde et al. 2003). Izaurralde et al. (2003) used EPIC, a crop growth model, to calculate
growth and yield, as well as future 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 umol CO, mol-1), as well as
increasing photosynthesis via improved radiation use efficiency. For climate change projections,
they used scenarios generated for 2030 by the Hadley Centre’s (HadCM2J) GCM, which was
selected because its climate sensitivity is in the midrange of most of the GCMs. For corn,
Izaurralde 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, respectively. These
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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 C4 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 conductance because warming of the foliage to solve the
energy balance will increase both latent heat loss (transpiration) and sensible heat loss. Allen et
al. (2003) concluded that both increased foliage temperature, and increased LAI associated 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 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 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 (Bernacchi et al.
2007).

Allen et al. (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 a 5 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. Soybean 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 et al.
(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 reduction 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 temperature (29.5°C).
At 24-26°C, rice’s WUE increased 50 percent with doubled CO,, but the CO, enrichment 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,
Allen (1990) showed that CO, enrichment from 330 to 800 ppm should cause an increase in
foliage 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
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pressure deficit values, the foliage temperatures simulated with this crop climate model (Allen
1990) exceeded the differential observed under 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. Concurrently, 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 temperature 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 associated 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 COx.

Interactions of CO; enrichment with climatic factors of water supply and evaporative demand
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 C; wheat (Wall et al. 2006) and C4 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 significant
enhancement for sorghum grown with full irrigation (Ottman et al. 2001). In the sorghum FACE
studies, the stomatal conductance was reduced 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 during 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. Argentina 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
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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
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 carbons (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 conditions, 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 relationship shown
by Mills et al. (2000).

The meta-analytic summary further reveals that chronic ozone lowers the capacity of carbon
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 studies, biomass decreased 34 percent, and seed yield was 24
percent lower, but photosynthesis 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 et al. 1998), and may additionally reflect greater sensitivity of
reproductive developmental stages, particularly seed filling (Tingey et al. 2002). The meta-
analysis did not reveal any interactions 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,, a response
generally attributed to lower stomatal conductance (Heagle et al. 1989).
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Plant growth in chambers can be different compared to the open field (Long et al. 2006), and
therefore the outcomes of chamber experiments 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 Illinois 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. 2000), 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 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 effects of ozone on any crops other than
soybean, or across different crops. Nevertheless, there is little doubt that current tropospheric
ozone levels are limiting yield in many crops (e.g., Heagle 1989) and further increases in ozone
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 compiled in Table 4 of Black et al. (2000),
which reveals that, in addition to soybean, the yield of Cs 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 et
al. 1996). While there are isolated reports that maize yield is reduced by ozone (e.g., Rudorff et
al. 1996), C4 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, concentration

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
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precipitation), other plant and management factors affect this response (e.g., plant competition,
perennial growth habits, seasonal productivity, etc.). Many of the studies 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 Cj; species, while those for Cy4
species remained largely unaffected. The response of C; 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 photo-
synthesis 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. arun-
dinacea, B. wildenowii, and T. subterraneum. However, little if any correlation existed between
the temperature response of photosynthesis and climatic adaptations of the pasture species.

Photosynthetic
Species Cominon name pathway Growth characteristics
Lolium multiflorum Italian ryegrass Cs Cool season annual grass
Bromus wildenowii Cs Cool season perennial grass
Lolium perenne Ryegrass Cs Cool season perennial grass
Phalaris aquatica Cs Cool season perennial grass
Trifolium dubium Cs Cool season annual broadleaf
Trifolium subterraneum  Subterraneum clover Cs Cool season annual broadleaf
Agrostis capillaris Cs Warm season perennial grass
Dactyvlis glomerata Orchardgrass Cs Warm season perennial grass
Festuca arundinacea Tall fescue Cs Warm season perennial grass
Cichorium intvbus Cs Warm season perennial broadleaf
Trifolium repens White clover Cs Warm season perennial broadleaf
Digitaria sanguinalis Crabgrass Cy Warm season annual grass
Paspalum dilatatum Dallisgrass Cy Warm season perennial grass

Table 2.9 Pasture species studied for response to CO, and temperature changes. Adapted from Greer et al. (1995).

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 C4 grass) (Newman et al.
2001). On average, yields increased by 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 C;- and Cy4-type plant responses to elevated CO,.
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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 timothy (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. Defoliation 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 demonstrates 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 species 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 conditions 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 characteristics 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 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 infection,
N fertilization, and elevated CO, on growth parameters and chemical composition of tall fescue.
Fescue plants, with and without endophyte 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™. 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 effect. Elevated CO; accelerated the rate of tiller appearance and increased dry
matter production by at least 53 percent (under the low N treatment). 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 grazing animals, but hinder
stabilization of carbon in soil organic matter (Six et al. 2002).
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Climate change may cause reduction in precipitation 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 (Izaurralde et al. 2003), and GCMs from Australia’s Bureau of Meteorology
Research Centre (BMRC), and the University of Illinois, Urbana-Champaigne (UIUC) (Thomson
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 greatest 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 precipitation 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 increases 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 projections of crop yields due to the variation in 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 future changes in
precipitation will be extremely important in alfalfa yields with a 1 percent decrease in alfalfa
yields for every 4 mm decrease in annual precipitation.

Thornley and Cannell (1997) argued that experiments 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 NPP, ecosystem
C, or other ecosystem properties connected to long-term responses to gradual climate change.
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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.

HadCM2 BMRC UIucC
Region CO; AT AP Yield AT AP Yield AT AP Yield
(ppm) | °C) (mm) % change | (°C) (mm) % change | (°C) (mm) % change
365 | 1.13 74 17.0 | 1.79 -6 -0.4 1 0.96 19 -1.3
Great Lakes
560 20.6 0.0 -1.0
] 365 | 0.70 80 12.5 | 1.66 -16 -5.210.86 25 -3.7
Ohio
560 13.9 -5.0 -3.8
o 365 | 1.24 74 10.9 | 1.71 -14 -3.410.89 29 -2.2
Upper Mississippi
560 14.8 -2.5 2.1
] ] 365 | 1.40 -30 -30.7 | 1.73 -3 -1.910.96 12 -0.4
Souris-Red-Rainy
560 -254 2.1 2.6
) ) 365 | 1.42 34 -9.211.50 -18 -9.410.92 41 35
Missourt
560 -7.1 9.1 31
365 | 1.77 -2 -18.6 | 1.53 -32 -9.6 | 0.76 61 3.8
Arkansas
560 -14.2 -7.3 5.1
] 365 | 3.11 12 5.0|1.41 -20 931084 25 16.2
Rio Grande
560 53 -8.7 17.8
365 | 2.21 76 5.0|1.48 -18 -15.3 | 0.97 40 16.2
Upper Colorado
560 54 -14.1 16.7
365 | 1.43 2 7.3|1.31 -23 -16.0 | 0.97 27 7.8
Lower Colorado
560 11.9 -194 4.7
) 365 | 0.62 21 4.7 11.36 -15 -6.3 [ 1.07 45 24.2
Great Basin
560 4.5 -7.1 23.7
365|045 3 041]1.24 -6 20(1.11 54 84
Pacific Northwest
560 1.7 1.9 8.1
o 365 ] 0.95 58 8.7]1.13 -45 -5.511.08 17 6.3
California
560 9.3 -3.5 4.6

Table 2.10 Change in alfalfa yields in major U.S. regions as a percentage of baseline yield with average temperature
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).

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

Inter-agency Review Draft—Do Not Copy, Cite, or Quote

59



Synthesis and Assessment Product 4.3 Agriculture

effects is likely to generate a carbon sink for several decades (5-15 g C m™ yr''). 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 C3 and C4 type vegetation to elevated CO,, although
significant exceptions exist. Pasture species with Cs-type metabolism increased their
photosynthetic rates by up to 40 percent, but not those with a C4 pathway (Greer et al. 1995). The
study of Greer et al. (1995) suggests shifts in optimal temperatures for photosynthesis under
elevated CO,, with perennial ryegrass and tall fescue showing a downward shift in their optimal
temperature from 28-18