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Executive Summary
Key Messages
Increases of atmospheric carbon dioxide (CO2),
rising temperatures, and altered precipitation
patterns will affect agricultural productivity.
Increases in temperature coupled with more variable
precipitation will reduce productivity of crops, and
these effects will outweigh the benefits of increasing
carbon dioxide. Effects will vary among annual and
perennial crops, and regions of the United States;
however, all production systems will be affected to
some degree by climate change. Agricultural systems
depend upon reliable water sources, and the pattern
and potential magnitude of precipitation changes is
not well understood, thus adding considerable uncertainty to assessment efforts.

Fig. 1. Storm gathers over farmland. Image courtesy UCAR.

Livestock production systems are vulnerable to
temperature stresses. An animal’s ability to adjust
its metabolic rate to cope with temperature extremes
can lead to reduced productivity and in extreme cases
death. Prolonged exposure to extreme temperatures
will also further increase production costs and productivity losses associated with all animal products,
e.g., meat, eggs, and milk.

physiological and genetic responses may help guide
future enhancements to weed management.
Agriculture is dependent on a wide range of ecosystem processes that support productivity including maintenance of soil quality and regulation
of water quality and quantity. Multiple stressors,
including climate change, increasingly compromise
the ability of ecosystems to provide these services.
Key near-term climate change effects on agricultural
soil and water resources include the potential for
increased soil erosion through extreme precipitation
events, as well as regional and seasonal changes in
the availability of water resources for both rain-fed
and irrigated agriculture.

Projections for crops and livestock production
systems reveal that climate change effects over the
next 25 years will be mixed. The continued degree
of change in the climate by midcentury and beyond is
expected to have overall detrimental effects on most
crops and livestock.
Climate change will exacerbate current biotic
stresses on agricultural plants and animals.
Changing pressures associated with weeds, diseases,
and insect pests, together with potential changes in
timing and coincidence of pollinator lifecycles, will
affect growth and yields. The potential magnitude of
these effects is not yet well understood. For example,
while some pest insects will thrive under increasing air temperatures, warming temperatures may
force others out of their current geographical ranges.
Several weeds have shown a greater response to
carbon dioxide relative to crops; understanding these

The predicted higher incidence of extreme
weather events will have an increasing influence
on agricultural productivity. Extremes matter
because agricultural productivity is driven largely by
environmental conditions during critical threshold
periods of crop and livestock development. Improved
assessment of climate change effects on agricultural
productivity requires greater integration of extreme
events into crop and economic models.
The vulnerability of agriculture to climatic change
is strongly dependent on the responses taken by
1
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poses unprecedented
challenges to U.S.
agriculture because of the
sensitivity of agricultural
productivity and costs
to changing climate
conditions.
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humans to moderate the effects of climate change.
Adaptive actions within agricultural sectors are driven
by perceptions of risk, direct productivity effects of
climate change, and by complex changes in domestic and international markets, policies, and other
institutions as they respond to those effects within
the United States and worldwide. Opportunities for
adaptation are shaped by the operating context within
which decision‑making occurs, access to effective
adaptation options, and the capacity of individuals
and institutions to take adaptive action as climate conditions change. Effective adaptive action across the
multiple dimensions of the U.S. agricultural system
offers potential to capitalize on emerging opportunities and minimize the costs associated with climate
change. A climate-ready U.S. agriculture will depend
on the development of geographically specific, agriculturally relevant, climate projections for the near
and medium term; effective adaptation planning and
assessment strategies; and soil, crop and livestock
management practices that enhance agricultural production system resilience to climatic variability and
extremes. Anticipated adaptation to climate change
in production agriculture includes adjustments to
production system inputs, tillage, crop species, crop
rotations, and harvest strategies. New research and
development in new crop varieties that are more resistant to drought, disease, and heat stress will increase
the resilience of agronomic systems to climate change
and will enable exploitation of opportunities that may
arise.

Agriculture in the United States produces
approximately $300 billion a year in commodities
with livestock accounting for roughly half the value.
Production of these commodities is vulnerable to
climate change through the direct (i.e., abiotic)
effects of changing climate conditions on crop and
livestock development and yield (e.g., changes in
temperature or precipitation), as well as through the
indirect (i.e., biotic) effects arising from changes
in the severity of pest pressures, availability
of pollination services, and performance of
other ecosystem services that affect agricultural
productivity. Thus, U.S. agriculture exists as a
complex web of interactions between agricultural
productivity, ecosystem services, and climate change.
Climate change poses unprecedented challenges
to U.S. agriculture because of the sensitivity of
agricultural productivity and costs to changing
climate conditions. Adaptive action offers the
potential to manage the effects of climate change by
altering patterns of agricultural activity to capitalize
on emerging opportunities while minimizing the
costs associated with negative effects. The aggregate
effects of climate change will ultimately depend on a
complex web of adaptive responses to local climate
stressors. These adaptive responses may range
from farmers adjusting planting patterns and soil
management practices in response to more variable
weather patterns, to seed producers investing in
the development of drought-tolerant varieties, to
increased demand for Federal risk management
programs, to adjustments in international trade as
nations respond to food security concerns. Potential
adaptive behavior can occur at multiple levels in
a highly diverse international agricultural system
including production, consumption, education,
research, services, and governance. Understanding
the complexity of such interactions is critical for
developing effective adaptive strategies.

Over the last 150 years, U.S. agriculture has
exhibited a remarkable capacity to adapt to a wide
diversity of growing conditions amid dynamic
social and economic changes. These adaptations
were made during a period of relative climatic stability and abundant technical, financial and natural
resources. Future agricultural adaptation will be
undertaken in a decision environment characterized
by high complexity and uncertainty driven by the
sensitivity of agricultural system response to climatic
variability, the complexity of interactions between
the agricultural systems, non-climate stressors and
the global climate system, and the increasing pace
and intensity of climatic change. New approaches
to managing the uncertainty associated with climate
change, such as integrated assessment of climate
change effects and adaptation options, the use of
adaptive management and robust decision-support
strategies, the integration of climate knowledge into
decisionmaking by producers, technical advisors,
and agricultural research and development planning
efforts, and the development of resilient agricultural
production systems will help to sustain agricultural
production during the 21st century.

The U.S. agricultural system is expected to be
fairly resilient to climate change in the short term
due to the system’s flexibility to engage in adaptive
behaviors such as expansion of irrigated acreage,
regional shifts in acreage for specific crops, crop
rotations, changes to management decisions such as
choice and timing of inputs and cultivation practices,
and altered trade patterns compensating for yield
changes caused by changing climate patterns. By
midcentury, when temperature increases are expected
to exceed 1°C to 3°C and precipitation extremes
intensify, yields of major U.S. crops and farm returns
are projected to decline. However, the simulation
studies underlying such projections often fail to
2
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incorporate production constraints caused by changes
of pest pressures, ecosystem services and conditions
that limit adaptation that can significantly increase
production costs and yield losses.

While many agricultural enterprises have the option
to respond to climate changes by shifting crop
selection, development of new cultivars in perennial
specialty crops commonly requires 15 to 30 or more
years, greatly limiting that sector’s opportunity to
adapt by shifting cultivars unless cultivars can be
introduced from other areas.

Crop Response to Changing Climate
Plant response to climate change is dictated by a
complex set of interactions to CO2, temperature,
solar radiation, and precipitation. Each crop species
has a given set of temperature thresholds that define
the upper and lower boundaries for growth and
reproduction, along with optimum temperatures
for each developmental phase. Plants are currently
grown in areas in which they are exposed to
temperatures that match their threshold values.
As temperatures increase over the next century,
shifts may occur in crop production areas because
temperatures will no longer occur within the range,
or during the critical time period for optimal growth
and yield of grain or fruit.

An increase in winter temperatures also affects
perennial cropping systems through interactions
with plant chilling requirements. All perennial
specialty crops have a winter chilling requirement
(typically expressed as hours below 10°C and above
0°C) ranging from 200 to 2,000 cumulative hours.
Yields will decline if the chilling requirement is
not completely satisfied because flower emergence
and viability will be low. Projected air temperature
increases for California, for example, may prevent
the chilling requirements for fruit and nut trees by
the middle to the end of the 21st century. In the
Northeast United States, perennial crops with a
lower 400-hour chilling requirement will continue
to be met for most of the Northeast during this
century, but crops with prolonged cold requirements
(1,000 or more hours) could demonstrate reduced
yields, particularly in southern sections of the
Northeast. Climate change affects winter temperature
variability, as well; mid-winter warming can lead
to early bud-burst or bloom of some perennial
plants, resulting in frost damage when cold winter
temperatures return.

For example, one critical period of exposure to
temperatures is the pollination stage, when pollen is
released to fertilize the plant and trigger development
of reproductive organs, for fruit, grain, or fiber. Such
thresholds are typically cooler for each crop than
the thresholds and optima for growth. Pollination
is one of the most sensitive stages to temperatures,
and exposure to high temperatures during this period
can greatly reduce crop yields and increase the
risk of total crop failure. Plants exposed to warm
nighttime temperatures during grain, fiber, or fruit
production also experience lower productivity and
reduced quality. Increasing temperatures cause
plants to mature and complete their stages of
development faster, which may alter the feasibility
and profitability of regional crop rotations and field
management options, including double-cropping and
use of cover crops. Faster growth may create smaller
plants, because soil may not be able to supply water
or nutrients at required rates, thereby reducing
grain, forage, fruit, or fiber production. Increasing
temperatures also increase the rate of water use
by plants, causing more water stress in areas with
variable precipitation. Estimated reductions in solar
radiation in agricultural areas over the last 60 years
are projected to continue due to increased cloud
cover and radiative scattering caused by atmospheric
aerosols. Such reductions may partially offset the
temperature-induced acceleration of plant growth.
For vegetables, exposure to temperatures in the
range of 1°C to 4°C above optimal for biomass
growth moderately reduces yield, and exposure to
temperatures more than 5°C to 7°C above optimal
often leads to severe, if not total, production losses.

Increasing carbon dioxide (CO2) in the atmosphere
is a positive for plant growth, and controlled
experiments have documented that elevated CO2
concentrations can increase plant growth while
decreasing soil water-use rates. The effects of
elevated CO2 on grain and fruit yield and quality,
however, are mixed; reduced nitrogen and protein
content observed in some nitrogen-fixing plants
causes a reduction in grain and forage quality. This
effect reduces the ability of pasture and rangeland
to support grazing livestock. The magnitude of
the growth stimulation effect of elevated CO2
concentrations under field conditions, in conjunction
with changing water and nutrient constraints, is
uncertain. Because elevated CO2 concentrations
disproportionately stimulate growth of weed species,
they are likely to contribute to increased risk of crop
loss from weed pressure.
The effects of elevated CO2 on water-use efficiency
may be an advantage for areas with limited
precipitation. Other changing climate conditions may
either offset or complement such effects. Warming
temperatures, for instance, will act to increase crop
water demand, increasing the rate of water use by
3
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crops. Crops grown on soils with a limiting soil
water-holding capacity are likely to experience an
increased risk of drought and potential crop failure
as a result of temperature-induced increases in
crop water demand, even with improved water-use
efficiencies. Conversely, declining trends of nearsurface winds over the last several decades and
projections for future declines of winds may decrease
evapotranspiration of cropping regions.
Climate affects
microbial populations
and distribution, the
distribution of vectorborne diseases, host
resistance to infections,
food and water shortages,
and food-borne diseases.

Livestock production systems that provide partial
or total shelter to mitigate thermal environmental
challenges can reduce the risk and vulnerability
associated with adverse weather events. Livestock
such as poultry and swine are generally managed
in housed systems where airflow can be controlled
and housing temperature modified to minimize or
buffer against adverse environmental conditions.
However, management and energy costs associated
with increased temperature regulation will increase
for confined production enterprises. Protection of
animals against exposure to high temperatures will
require modification of shelter and perhaps even
methods of increasing cooling.

Crops and forage plants will continue to be subjected
to increasing temperatures, increasing CO2, and
more variable water availability caused by changing
precipitation patterns. These factors interact in
their effect on plant growth and yield. A balanced
understanding of the consequences of management
actions and genetic responses to these factors will
form the basis for more resilient production systems
to climate change. Due to the complexities of these
relationships, integrated research and development
of management practices, plant genetics,
hydrometeorology, socio-economics, and agronomy
is necessary to enable successful agricultural
adaptation to climate change.

Warmer, more humid conditions will also have
indirect effects on animal health and productivity
through promotion of insect growth and spread
of diseases. Such effects may be substantial;
however, exact relationships between climate
change and vectors of animal health are not well
understood. Climate affects microbial populations
and distribution, the distribution of vector-borne
diseases, host resistance to infections, food and
water shortages, and food-borne diseases. Earlier
springs and warmer winters may enable greater
proliferation and survivability of pathogens and
parasites. Regional warming and changes of rainfall
distribution may lead to changes in the spatial
or temporal distributions of diseases sensitive to
temperature and moisture, such as anthrax, blackleg,
hemorrhagic septicemia, as well as increased
incidence of ketosis, mastitis and lameness in dairy
cows.

Livestock Response to Changing
Climate
Animal agriculture is a major component of the U.S.
agricultural system. Changing climatic conditions
affect animal agriculture in four primary ways: (1)
feed-grain production, availability and price; (2)
pastures and forage crop production and quality;
(3) animal health, growth and reproduction; and
(4) disease and pest distributions. The optimal
environmental conditions for livestock production
include a range of temperatures and other
environmental conditions for which the animal
does not need to significantly alter behavior or
physiological functions to maintain a relatively
constant core body temperature. Optimum animal
core body temperature is often maintained within a
2°C to 3°C range. For many species, deviations of
core body temperature in excess of 2°C to 3°C cause
disruptions of performance, production, and fertility
that limit an animal’s ability to produce meat, milk,
or eggs. Deviations of 5°C to 7°C often result
in death. For cattle that breed during spring and
summer, exposure to high temperatures decreases
conception rates. Livestock and dairy production
may be more affected by changes in the number of
days of extreme heat than by adjustments of average
temperature. The combined effect of temperature and
humidity affect animal response and are quantified
through the thermal-humidity index.

Effects of Climate Change on Soil and
Water
Climate change effects on agriculture also include the
effects of changing climate conditions on resources
of key importance to agricultural production, such
as soil and water. Seasonal precipitation affects
the potential amount of water available for crop
production, but the actual amount of water available
to plants also depends upon soil type, soil waterholding capacity, and infiltration rate. Healthy soils
have characteristics that include appropriate levels
of nutrients necessary for the production of healthy
plants, moderately high levels of organic matter, a
soil structure with good aggregation of the primary
soil particles and macro-porosity, moderate pH
levels, thickness sufficient to store adequate water for
plants, a healthy microbial community, and absence
of elements or compounds in concentrations toxic for
plant, animal, and microbial life. Several processes
act to degrade soils including, erosion, compaction,
4
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acidification, salinization, toxification, and net loss of
organic matter.

Climate change effects on snowpack have important
implications for surface-water availability and stored
water reserves, particularly in the West, where much
of the surface-water runoff comes from mountain
snowmelt. Higher temperatures will continue to
restrict the snow storage season, resulting in reduced
snow accumulations and earlier spring snowmelt.
Stored water reserves are projected to decline in
many river basins, especially during critical summer
growing season months when crop-water demands
are greatest. As a result, agriculture may become
increasingly water constrained across the central
and southern portions of the Mountain and Pacific
Southwest regions, while projected precipitation
increases in the Northern Rockies and Pacific
Northwest could improve surface-water supplies for
those areas.

Several of these processes are sensitive to changing
climate conditions. Changes to the rate of soil
organic matter accumulation will be affected
by climate through soil temperature, soil water
availability, and the amount of organic matter
input from plants. Erosion is of particular concern.
Changing climate will contribute to the erosivity
from rainfall, snowmelt, and wind. Rainfall’s erosive
power will increase if increases in rainfall amount
are accompanied by increases of intensity. Shifts
of rainfall intensity have begun to occur in the
United States with more extreme events expected
for the future. Although there is a general lack of
knowledge about the rates of soil erosion associated
with snowmelt or rain-on-thawing-soil erosion, if
decreased days of snowfall translate to increased
days of rainfall, erosion by storm runoff is likely to
increase.

The effect of precipitation changes on surface-water
flows may be offset or compounded by temperatureinduced shifts of potential evapotranspiration.
Higher temperatures are projected to increase both
evaporative losses from land and water surfaces,
and transpiration losses from non-crop land cover,
potentially reducing annual runoff and streamflow.
The resulting shifts of water stress, crop yields, and
crop competitiveness, in turn, will drive changes of
cropland allocations and production systems within
and across regions.

Changes in production practices can also have effects
on soil erosion that may be greater than other effects
of climate change. Tillage intensity, crop selection,
as well as planting and harvest dates can significantly
affect runoff and soil loss. Though the magnitude of
these effects is still highly uncertain, studies have
shown potential for significant increases of erosion
loss, in part due to a reduction of projected crop
biomass, which results in less overwintering residue
available to protect the soil. As soil erosion changes
under climate change, so does the potential for
associated, off-site, non-point-source pollution. Soil
conservation practices will therefore be an important
element of agricultural adaptation to climate change.

Groundwater is a primary water source for irrigation
in the Plains States and an important irrigation water
supply for the Eastern United States, as well as areas
of the Mountain and Pacific West regions. While
groundwater aquifers are generally less influenced in
the short term by weather patterns, changing climate
effects on precipitation, streamflow, and soil water
evaporation can affect groundwater systems over
time through changes in groundwater recharge.

Changing climate conditions over the coming
decades will also significantly affect water resources,
with broad implications for the U.S. crop sector.
Climate change will affect surface-water resources,
which account for 58% of water withdrawals for
irrigated production nationally. Rising temperatures
and shifting precipitation patterns will alter cropwater requirements, crop-water availability, crop
productivity, and costs of water access across the
agricultural landscape. Temperature and precipitation
shifts are expected to alter the volume and timing of
storm and snowmelt runoff to surface water bodies.
Annual streamflow may increase in the northern and
eastern United States, where annual precipitation
is projected to increase. Precipitation declines for
regions such as the Southwest and Southern Plains
will result in reduced streamflow and a shift of
seasonal flow volumes to the wetter winter months in
areas already dominated by irrigation.

Extreme Events
Climate change projections into the future suggest
an increased variability of temperature and
precipitation. Extreme climate conditions, such
as dry spells, sustained drought, and heat waves
can have large effects on crops and livestock.
Although climate models are limited in their ability
to accurately project the occurrence and timing
of individual extreme events, emerging patterns
project increased incidence of areas experiencing
droughts and periods of more intense precipitation.
The occurrence of very hot nights and the duration
of very low (agriculturally insignificant) rainfall
events are projected to increase by the end of the
21st century. The timing of extreme events relative to
5
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sensitive phenological stages could affect growth and
productivity.

Vulnerability and adaptive capacity are characteristics of human and natural systems, are dynamic and
multi-dimensional, and are influenced by complex
interactions among social, economic, and environmental factors. Adaptive decisions are shaped by
the operating context within which decision are
made (for example, existing natural resource quality
and non-climate stressors, government policy and
programs), access to effective adaptation options,
and the individual capability to take adaptive action.
Adaptation strategies in use today by U.S. farmers
coping with current changes in weather variability
include changing cultivar selection or timing of field
operations, and increased use of pesticides to control
higher pest pressures. In California’s Central Valley,
an adaptation plan consisting of integrated changes in
crop mix, irrigation methods, fertilization practices,
tillage practices, and land management was found to
be the most effective approach to managing climate
risk. Adaptation options for managing novel crop
pest management challenges may involve increased
use of pesticides, new strategies for preventing rapid
evolution of pest resistance to chemical control
agents, the development of new pesticide products
and improved pest and disease forecasting. Adaptation options that increase the resilience of agricultural systems to increased pest pressures include crop
diversification and the management of biodiversity
at both field and landscape scale to suppress pest
outbreaks and pathogen transmission. Given the
projected effects of climate change, some U.S. agricultural systems will have to undergo more transformative changes to remain productive and profitable.

Crops and livestock production will be affected by
increased exposure to extreme temperature events
and increased risk of exceeding the maximum
temperature thresholds, potentially leading to
catastrophic losses. Ruminants, including, goats,
sheep, beef cattle and dairy cattle tend to be managed
in more extensive outdoor facilities. Within limits,
these animals can adapt to and cope with gradual
thermal changes, though shifts in thermoregulation
may result in a loss of productivity. Lack of prior
conditioning to rapidly changing or adverse weather
events, however, often results in catastrophic deaths
of domestic livestock and losses of productivity by
surviving animals.

Adaptation
U.S. agriculture has demonstrated a remarkable
adaptive capacity over the last 150 years. Crop and
livestock production systems expanded across a
diversity of growing conditions, responded to variations in climate and other natural resources, and to
dynamic changes in agricultural knowledge, technology, markets, and, most recently, public demands for
sustainable production of agricultural products. This
adaptive capacity has been driven largely by public
sector investment in agricultural research, development, and extension activities made during a period
of climatic stability and abundant technical, financial,
and natural resource availability.

Adaptation measures such as developing drought,
pest, and heat stress resistance in crops and animals,
diversifying crop rotations, integrating livestock with
crop production systems, improving soil quality,
minimizing off-farm flow of nutrients and pesticides, and other practices typically associated with
sustainable agriculture are actions that may increase
the capacity of the agricultural system to minimize
the effects of climate change on productivity. For
example, developing drought and heat stress resistant
crops will improve the ability of farmers to cope with
increasing frequencies of temperature and precipitation variability. Similarly, production practices that
enhance the ability of healthy soils to regulate water
resource dynamics at the farm and watershed scales
will be particularly critical for the maintenance of
crop and livestock productivity under conditions of
variable and extreme weather events. Enhancing the
resilience of agriculture to climate change through
adaptation strategies that promote the development
of sustainable agriculture is a common multiplebenefit recommendation for agricultural adaptation
planning.

Climate change presents an unprecedented challenge
to the adaptive capacity of U.S. agriculture. Current
climate change effects are increasing the complexity and uncertainty of agricultural management.
Projected climate changes over the next century may
require major adjustments to production practices,
particularly for production systems operating at
their marginal limits of climate. Because agricultural systems are human-dominated ecosystems,
the vulnerability of agriculture to climatic change is
strongly dependent not just on the biophysical effects
of climate change, but also on the responses taken by
humans to moderate those effects within the United
States and worldwide. Effective adaptive action
undertaken by the multiple dimensions of the U.S.
agricultural system offers potential for capitalizing
on the opportunities presented by climate change,
and minimizing the costs via avoidance or reduction
of the severity of detrimental effects from changing
climate.
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National agricultural adaptation planning has only
recently begun in the United States and elsewhere.
Broad policy measures that may enhance the adaptive capacity of agriculture include strengthening
climate-sensitive assets, integrating adaptation into
all relevant government policies, and addressing
non-climate stressors that degrade adaptive capacity.
Because of the uncertainties associated with climate
change effects on agriculture and the complexity of
adaptation processes, adaptive management strategies that facilitate implementation and the continual
evaluation and revision of adaptation strategies as
climate learning proceeds will be necessary to ensure
agricultural systems remain viable with climate
change. Synergies between mitigation and adaptation
planning are also possible through the use of coherent climate policy frameworks that link issues such
as carbon sequestration, greenhouse gas emissions,
land-use change, regional water management, and
the long-term sustainability of production systems.

capacity of U.S. agriculture to climate change.
Attention to these research needs will enhance the
ability of the U.S. agriculture sector to anticipate
and respond to the challenges presented by changing
climate conditions.

High adaptive capacity does not guarantee successful
adaptation to climate change. Adaptation assessment
and planning efforts routinely encounter conditions
that limit adaptive action regardless of the adaptive capacity of the system under study. Potential
constraints to adaptation can arise from ecological,
social and economic conditions that are dynamic
and vary greatly within and across economic sectors,
communities, regions, and countries.

• Develop and extend the knowledge, management
strategies and tools needed by U.S. agricultural
stakeholders to enhance the adaptive capacity of
plant and animal production systems to climate
variability and extremes. While existing management and agronomic options have demonstrated
significant capacity for expanding adaptation
opportunities, new adaptive management strategies, robust risk management approaches, and
breeding and genetic advances offer much potential, but have yet to be evaluated.

Some broad research needs include the following:
• Improve projections of future climate conditions
for time scales of seasons to multiple decades;
enable more precise projections of the changes
and durations of average and extreme temperatures, precipitation, and related variables (e.g.,
evapotranspiration, soil moisture).
• Evaluate and develop process-level understanding
of the sensitivity of plant and animal production
systems, including insect, weed, pathogen, soil
and water components, to key direct, indirect and
interacting effects of climate change effects.

Adapting agricultural systems to dramatic changes
in the physical environment may be limited by
social factors such as values, beliefs, or world views.
Those factors can be affected by access to finance,
political norms and values, and culture and religious
ideologies.

Understanding Exposure
The vulnerability of an agricultural system to climate
change is dependent in part on the character, magnitude and rate of climate variation to which a system
is exposed. Effective adaptation will be enhanced by
research to:

Other limits to adaptation include the availability of
critical inputs such as land and water, and constraints
to farm financing and credit availability. These constraints may be substantial, especially for agricultural enterprises with little available capital or those
without the financial capacity to withstand increasing variability of production and returns, including
catastrophic loss. Differential capacity for adaptation,
together with the variable effects of climate change
on yield, creates significant concerns about agricultural productivity and food security.

• Improve projections of future climate conditions
for time scales of seasons to multiple decades,
including more precise information about changes
of average and extreme temperatures, precipitation, and related variables (e.g., evapotranspiration, soil moisture). Such projections are needed
to better understand exposure to climate risks,
and support effective assessment, planning, and
decisionmaking across the multiple dimensions of
the U.S. agricultural system.

Research Needs

• Enable projection of future climate conditions
at finer temporal scales (hourly and daily versus
weekly, monthly, or annual averages) and spatial
scales (1-10 km, as opposed to 50-100 km). This
finer-scale information would permit decision-

The research needs identified in this report are categorized within a vulnerability framework and address
specific actions that would serve to improve understanding of the exposure, sensitivity, and a daptive
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makers to examine the potential effects of climate
change on specific crop and livestock production
systems in specific regions. There is also a need
to include more precise decadal-scale projections to integrate climate information into longer
term planning and improved information about
the probability of potential changes to effectively
manage climate risks.

• Improve understanding of climate change effects
on existing agricultural landscape patterns and
production practices;
• Improve understanding of the economic impacts
of climate change and how those impacts are
distributed.
• Develop improved integrated assessment models
and ecosystem manipulation sites to enable
experiments that examine the impacts of simultaneous interacting multiple stresses on plant and
animal production systems.

• Develop modeling systems that produce climate
and effects projections through the use of standard
socioeconomic scenarios and access to more accurate and comprehensive observations of climate
change and its effects on agricultural systems.
Improve process-level understanding and validate
model simulations.

Enhancing Adaptive Capacity
Because agricultural systems are human-dominated
ecosystems, the vulnerability of agriculture to climate change is strongly dependent on the responses
taken by humans to adapt to climate change effects.
The adaptive capacity of U.S. agriculture will be
enhanced by research to:

• Improve the accuracy and range of weather
predictions (as opposed to longer term, scenariodependent climate projections) and seasonal forecasts. Better forecasts are needed to understand
near-term exposure and support tactical decisionmaking at all levels of the agricultural system.
Improved forecasting is particularly critical
given the expected increases in the variability of
weather and the incidence of extreme conditions.

• Improve understanding of the key determinants
(social, economic, and ecological) of adaptive
capacity and resilience in agricultural systems;
• Develop effective methods for the assessment of
adaptive capacity;

Understanding Sensitivity
The nature and degree of response to key climate
change drivers determines the sensitivity of the
agricultural system to climate change effects. Critical thresholds, feedbacks, and synergies operating
at multiple temporal and spatial scales complicate
efforts to assess agricultural system sensitivity to climate change. Effective adaptation to climate change
will be enhanced by research to:

• Identify and extend information about existing
best management practices that offer “no-regrets”
and “low regrets” adaptation options;
• Develop resilient crop and livestock production
systems and the socio-economic and cultural/institutional structures needed to support them;

• Improve understanding of both direct and indirect
climate change effects and their interactions on
plant and animal production systems, together
with new tools for exploring their dynamic interactions throughout the multiple dimensions of the
U.S. agricultural sector;

• Develop, assess, and extend adaptive management strategies and climate risk management tools
to improve decisionmaking throughout the U.S.
agricultural sector;

• Enhance capabilities to quantify and screen plant
and animal response to water and temperature
extremes;

• Improve understanding of the social limits to
adaptation, including the effects of cost/benefit
considerations, technological feasibility, beliefs,
values and attitudes, and resource constraints on
adaptive response.

• Improve understanding of climate change effects
on the natural and biological resources upon
which agricultural productivity depends, particularly soil and water resources;

• Develop effective methods of adaptation planning
and assessment useful to decisionmakers operating throughout the multiple dimensions of the
U.S. agricultural system.
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Chapter 1

U.S. Agriculture and Climate
“The dogmas of the quiet past are inadequate to the stormy present. The occasion is piled high with
difficulty, and we must rise with the occasion. As our case is new, so we must think anew, and act anew.”
Abraham Lincoln, 1862*

S

trong scientific consensus highlights that anthropogenic effects of climate change are already
occurring and will be substantial (Intergovernmental Panel on Climate Change 2007a). U.S.
agriculture is a multi-billion-dollar industry that stands
to be significantly influenced by the effects of climate
change. This document presents an overview of the
latest research available related to climate change
impacts on U.S. agriculture and the potential options
for adaptation in the agricultural sector. Building upon
the extensive scientific literature, the impacts and risks
of climate change, climate variability, and adaptation
options for managed and unmanaged ecosystems and
their constituent biota and processes are considered.
The report also highlights changes in resource conditions that scientific studies suggest are most likely to
occur in response to climate change.

and adaptation strategies. Timeframes for the assessments are the present, 25 years in future, and 90 years
in future. This report focuses particularly on the near
future, because the climate projections are relatively
more certain and address more immediate planning
and management needs for crops, livestock, economic
needs, and risk concerns, among other considerations.
However, projections and expectations are considered
out to the century’s end, in some cases.
This technical document builds on the 2008 report,
The Effects of Climate Change on Agriculture, Land
Resources, Water Resources, and Biodiversity (CCSP
2008). While including up-to-date scientific analysis
of the subjects included in that assessment, e.g., temperature and precipitation effects on crop and animal
agriculture, this report builds on the earlier report
in three important ways by covering climate change
adaptation processes, looking at the economic effects
of changing climate, and including new findings on
the indirect (biotic) effects of climate change on U.S.
agriculture.

Today, the United States Department of Agriculture
(USDA) classifies 116 plant commodity groups as
agricultural products, as well as four livestock groupings (beef cattle, dairy, poultry, and swine) and products derived from animal production, e.g., cheese or
eggs. 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, carbon dioxide
(CO2), and water availability directly affect 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.

U.S. landscapes include a mosaic of agricultural,
urban, and wildland ecosystems. Within this mosaic,
agricultural components play a large role in how
climate change affects natural resources (water,
soil, and air). Responses, whether environmental or
economic, to changing climate are termed “adaptations” and play an important role in how climate
change will influence agricultural landscapes and
management needs. Equally important to adaptive
changes are considerations related to the economics of changes in climate, e.g., how climate influences agricultural production economics, how
economically driven choices influence agricultural
management decisions, and how such decisions
influence climate effects on the landscape. The last of
the three advances on the earlier report is inclusion

Report Goals and Scope
Within this report, information is presented
that enables framing and evaluation of existing
vulnerabilities of U.S agriculture to climate change

* This quote is from Lincoln’s 2nd State of the Union Address.
In this address, he also announced the creation of USDA.
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chapter, the Introduction, is intended to help orient
the reader to the report. Chapter 2, An Overview of
U.S. Agriculture, presents the context of U.S. agriculture. Chapter 3, An Overview of the Effects of Changing Climate on U.S. Agriculture, discuss global and
national effects of climate change, and how these
manifest within the national agroecosystem. Chapter
4, Climate Change Science and Agriculture, reviews
the scientific literature on direct and indirect effects
of climate change on agriculture and introduces a
number of non-climate stressors that have effects on
crops or livestock that change our understanding of
climate change’s relationship to agriculture. Chapter 5, Climate Change Effects on U.S. Agricultural
Production, addresses the aggregate effects of climate change on specific cropping systems, livestock
production, soils, and water and ecosystem services,
including water resources for agriculture. Chapter
6, Climate Change Effects on the Economics of U.S.
Agriculture, looks at the economic effects of climate
change on agriculture, assesses economic risks due
to changing climate, and considers economic means
of adaptation under a changing climate. Chapter 7,
Adapting to Climate Change, provides information
on the adaptive capacity of agriculture. Chapter 8,
Conclusions and Research Needs, expresses the
authors’ conclusions based upon the findings within
the report.

The National Climate Assessment
Created under the leadership of the U.S.
Department

of

Agriculture

(USDA),

some

information for this report may be used for the
National Climate Assessment (NCA). The NCA
provides a status report on climate change
science and the impacts of climate on sectors
of the United States to the U.S. Congress and
the President of the United States. The NCA is a
comprehensive compilation of information on the
state of climate and its effects on U.S. ecosystems,
infrastructure, and society to enhance the ability
of the United States to anticipate, mitigate, and
adapt to changes in the global environment.

of new scientific findings related to how changes
in temperature and precipitation may affect pests,
weeds, and disease, and how those changes play out
in agricultural systems.
This technical assessment was driven by the following questions:
1. How does a changing climate directly influence
agriculture?

Appendix A provides literature citations by chapter.
Appendix B provides a glossary of terms used commonly in this report, and Appendix C lists the report
authors and their affiliations.

2. What non-climate stresses need to be considered
in interpreting climate change effects on U.S.
agriculture?
3. How do economic factors respond to climate or
alter the effects of climate change in agricultural
systems?

Authors
This document was coordinated by the U.S. Department of Agriculture and composed by 60 authors
from the Federal service, universities, non-governmental organizations, and private industry. Authors
provide the depth of expertise required by the subject
matter and the geographic diversity of the issues
under consideration in this report. The lead author
team includes Charles L. Walthall, Jerry Hatfield,
Peter Backlund, Laura Lengnick, Elizabeth Marshall,
and Margaret Walsh.

4. How might agricultural decisionmakers take
adaptive actions that capitalize on the opportunities and minimize or avoid the negative effects on
production under changing climate conditions?
The mitigation of greenhouse gases (GHGs), either
by reducing atmospheric emissions or through
removal by various biological or technological
means, including carbon sequestration in soils, is
not within the scope of this report. A recent review
of greenhouse gas mitigation can be found in Task
Force Report 142, Carbon Sequestration and
Greenhouse Gas Fluxes in Agriculture: Challenges
and Opportunities by the Council for Agricultural
Science and Technology (2011).

The authors wish to thank Dr. John Reilly (Massachusetts Institute of Technology), Dr. Louise Jackson (University of California - Davis), Dr. David
Schimel (National Ecological Observation Network),
and John Antle (Oregon State University) for providing expert review of its contents, and members
of the USDA Global Change Task Force for their
comments.

Document Organization
This document consists of seven chapters, as well as
an Executive Summary and three appendices. This
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A

across the United States are produced from livestock;
these account for slightly more than half of the total
economic value of the agricultural sector. Common
to all of these commodities is sensitivity to climate
variability and change.

griculture is a major economic sector within
the United States, with more than 2 million
farms covering about 900 million acres and
gross annual farm income between $300 and $350
billion. The farm sector – i.e., farmers, seed companies, and producers and distributors of agriculturally
based products – has a long history of innovating
and adapting to changing economic, environmental,
regulatory, and climate conditions and has become
much more productive over time. For example, in
1910, U.S. farmers cultivated 330 million acres
and supplied food and fiber to a population of 92.2
million. By 2006, on the same cultivated land area,
U.S. farmers supplied food and fiber to 297.5 million
people.

Since 1900, U.S. farms have grown larger, more
mechanized, less labor intensive, and more specialized. While the number of farms has fallen, the total
amount of land used for agricultural practices has
remained fairly constant, and production and productivity have increased dramatically. Today, agriculture
accounts for a declining share of employment and
gross domestic product (GDP) (Dmitri et al. 2005;
Hoppe et al. 2007) (Figure 2.1), with U.S. farms
generating less than 1% of total U.S. GDP as of 2007
(O’Donoghue et al. 2011).

Agriculture in the United States is a dynamic,
self-adjusting system that responds to changes or
fluctuations in trade, policy, markets, technology,
and climate. The United States is a global supplier
of agricultural products. With agricultural exports
totaling slightly less than $140 billion, and agricultural product imports totaling less than $90 billion,
agriculture offers a net positive to the U.S. trade
balance. In addition to crops and related agricultural goods, more than 200 different products from

At the same time that average farm size has
increased, U.S. farms have also become more specialized over time, concentrating on the production
of fewer commodities per farm (Figure 2.2). Specialization offers both benefits and risks. Specialization
allows the farmer to concentrate on particular areas
of expertise and minimize the different types of capital investments and inputs required for production,

Fig. 2.1. Farms, land in farms, and average acres per farm in the U.S. 1850–2007. Most of the decline in farms occurred
between 1935 and 1974. The break in the lines reflects an adjustment in the methods employed by the Census of
Agriculture. Source: USDA ERS 2002.
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while simultaneously making a farm more vulnerable to catastrophic loss of a particular crop due to
insects, pathogens, or extreme weather events, for
example (O’Donoghue et al. 2011). Though specialization trends vary by sector, the smallest farms tend
to be the most specialized, while larger farms generally produce a wider variety of commodities (Hoppe
et al. 2007; Melhim et al. 2009a, b).

changing consumer demands for convenience,
healthier products, and environmentally friendly
production (Dmitri et al. 2005). A large part of the
success of U.S. agriculture results from the dynamic,
self-adjusting characteristics of the system, which
responds constantly to changes or fluctuations in
environmental conditions, trade, policy, markets,
and technology. This capacity to react and adapt
to shifting circumstances will be invaluable in the
face of changing climate; however, the pace and
intensity of projected climatic changes present novel
challenges to U.S. agriculture.

Forces Affecting U.S. Agriculture
A diverse set of forces have sculpted U.S.
agriculture, including productivity increases,
integration of national and global markets, and

Economic Factors and U.S. Agriculture
After remaining steady from 1982 to 2002, farm
product prices since 2002 have trended upward
(O’Donoghue et al. 2011). However, these averages
mask significant fluctuations; six major spikes of
world crop prices have occurred since 1970, and
producers regularly adapt production decisions to
compensate for such price variability (Figure 2.3).
Over the past decade, one of the most prominent
characteristics of the domestic and world food
system has been rare back-to-back price swings,
first in 2007-2008, and then again during 20102011. While many factors contributed to these price
swings, both occurrences were in part attributable to
short-term, weather-driven yield shortages (Trostle
et al. 2011). For example, 2010-2011 saw major
drought effects on Russian and Chinese wheat
production that, coupled with increased demand,
increased prices. Severe weather in other nations
affects the U.S. agricultural system because of the
global scope of agricultural production.

Fig. 2.2. As U.S. farms have become more specialized, the number of
commodities produced per farm has decreased. Source: USDA ERS 2002.

Fig. 2.3. Crop price spikes since 1970. The graph shows the weighted average of four crops (wheat, soybeans, corn and
rice) based on IMF monthly export-weighted prices. Source: USDA ERS 2002.
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Producers employ a number of production, organizational, and marketing strategies to manage risks
associated with farming (O’Donoghue et al. 2011).
For example, farmers use production and marketing contracts to ensure outlets for their products and
to reduce exposure to price and production shocks.
While the share of field crops under contract has
remained steady at 25-30%, the share of production
in the livestock sector under contract increased from
33% from 1991-1993 to 50% between 2006 and
2007 (O’Donoghue et al. 2011). The share of field
crops under contract may also be starting an upward
trend, as one might expect due to recent volatility of
field crop prices (Figure 2.4). Federal crop insurance
is another increasingly important risk management
tool, with the total number of insured acres up from
100 million in 1989 to more than 270 million acres
in 2007 (O’Donoghue et al. 2011). Federal subsidies
supporting the federal crop insurance program have
increased at a similar rate, jumping from roughly
$200 million in 1989 to more than $3.8 billion in
2007 (O’Donoghue et al. 2011).

Large-scale family farms and non-family farms also
received more than 60% of Federal working-lands
conservation program funding, while conservation
payments for land retirement went largely to small
family farms (Hoppe et al. 2010). Rising prices significantly increased the value of agricultural production during 2007 relative to that of 2002, contributing
to the recent reductions in farmer reliance on government commodity payments as a source of farm and
farm household income (O’Donoghue et al. 2011).
The aggregate value of agricultural production
remains fairly evenly split between livestock and
crop production (Figure 2.5). The source of this
value is widely distributed geographically across
the United States (Figure 2.6), although some sectors are more regionally specialized than others.
For example, corn and soybean production, which
accounts for the largest share of crop value, is
concentrated in the Midwest, Great Plains, and Delta
States. Cattle and calf production, which dominates
Fig. 2.5. Comparison of market value of crops and livestock sold in the
United States. Source: USDA-ERS data.

The nature of other Federal Government policies
providing additional farm support has changed over
the past few decades, moving from price support
and supply management policies to conservation
and commodity payments that support farm income,
reduce trade distortions, and promote environmentally sustainable production practices (Dimitri et al.
2005; O’Donoghue et al. 2011). Between 1999 and
2008, commodity payments such as direct payments,
loan deficiency payments, and emergency disaster
assistance represented between 74% and 93% of
total farm program payments. During 2007, largescale family farms and non-family farms received
roughly 75% of such payments (Hoppe et al. 2010).

Fig. 2.4. Production under marketing or production contracts for selected crops, 1991-2007. Source: USDA ERS 2002.
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Fig. 2.6. Market value of all agricultural products sold in the United States. Source: USDA NASS 2007.

Fig. 2.7. Distribution of hog and pig production in the United States, 2002–2007. Source: USDA NASS 2007.

14

Climate Change and Agriculture in the United States: Effects and Adaptation

Chapter 2

livestock production values, is distributed across the
United States, with hog and pig production increasingly concentrated in only a few regions (Figure 2.7).

exports of agricultural products growing since 1935
up to present (Figure 2.8). U.S. exports constitute
a large fraction of international markets in several
export markets, with primary agricultural exports
being soybeans, corn, wheat, and cotton (Table 2.1).
The amount of each of these exported crops varies

U.S. agriculture has become increasingly integrated into world markets, with both imports and

Fig. 2.8. Annual fiscal year (Oct–Sept) U.S. agricultural trade, imports and exports, 1935-2011.

Table 2.1. Top 25 agricultural export and import commodities for fiscal year2011 fiscal expressed in current dollars. Source:
Compiled by USDA ERS from U.S. Department of Commerce data.

Exports 2011

Imports 2011

Soybeans

20,347,317,208

Coffee Incl Prods

7,335,626,992

Corn
Wheat Unmilled

12,903,604,236

Wine

4,733,790,184

11,477,204,419

Cocoa and Prods

4,685,418,643

Cotton Ex Linters
Other Feeds & Fodder

8,861,356,654

Rubber/allied Gums Crude

4,419,760,212

5,486,053,783

Malt Beverages

3,526,937,192

Beef & Veal Fr/Froz

4,387,315,343

Beef and Veal Fr/Froz

2,747,998,291

Pork Fr/Froz

4,266,308,341

Biscuits and Wafers

2,629,883,334

Misc Hort Products

4,079,909,279

Misc Hort Products

2,562,187,257

Chickens Fr/Froz

3,348,722,320

Sugar Cane and Beet

2,534,132,361

Soybean Meal

3,341,173,322

Other Grains and Preps

2,362,366,330

Other Grain Prods

3,135,381,498

Other Beverages

2,130,744,738

Almonds

2,670,069,077

Essential Oils

2,090,178,270

Rice-Paddy Milled

2,096,410,318

Tomatoes Fresh

2,066,804,158

Soybean Oil

1,732,970,324

Bananas/Plantains Fr/Froz

1,969,880,327

Other Veg Oils/Waxes

1,732,735,395

Rapeseed Oil

1,760,653,987

Related Sugar Prod

1,599,701,798

Other Fruits Prep/Pres

1,666,332,390

Essential Oils

1,479,155,219

Cattle and Calves

1,450,996,963

Nonfat Dry Milk

1,451,990,267

Drugs Crude Natural

1,392,815,374

Seeds Field/Garden

1,354,074,918

Confectionery Prods

1,387,491,573

Other Dairy Prods

1,335,177,127

Feeds/Fodders EX Oilcake

1,364,875,618

Other Veg Prep/Pres

1,288,893,350

Cheese

1,061,226,335

Wine

1,229,833,343

Palm Oil

1,060,916,683

Beverages Ex Juice

1,228,614,393

Other Dairy Products

1,060,022,264

Chocolate & Prep

1,152,045,508

Grapes Fresh

988,555,117

Bovine Hides Whole

1,089,536,141

Berries EX Strawberries

964,566,293
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widely, ranging from 11% for corn to
78% for cotton, as does the percentage of the global market share that
each of these crops comprises.
U.S. prominence as a corn supplier –
supplying about 50% of global
exports – makes world markets
highly sensitive to U.S. supply and
demand relationships, as well as to
the weather conditions in the Corn
Belt (Figure 2.9).

Fig. 2.9. World’s leading corn exporters. Source: USDA ERS 2011.

In contrast, a wide diversity of
exporters in wheat (Figure 2.10)
and soybean markets helps protect against variability in supply
occurring due to yield shortages
or excesses in any one region. The
share of the world soybean market
represented by U.S. exports, which
is currently about 40%, has been
falling steadily since the mid-1970s,
in large part due to increasing production and export
by Brazil and Argentina. The situation is similar
for wheat, where the United States produces about
20% of the world’s supply; other major suppliers
include Argentina, Australia, Canada, Europe, and
the Former Soviet Union. Of note, the U.S. position
as a relatively major exporter but minor consumer
of cotton makes cotton farmers in the United States
more dependent on the world market, and poten-

tially more vulnerable to the trade policies of major
importers than is the case for the Nation’s other
major export commodities.
U.S. engagement in global livestock markets has
also increased over the past few decades. U.S.
pork producers have increased exports from 2% of
production in 1990 to 22% of production in 2011,
while poultry exports have increased from 6% to 18%

Fig. 2.10. Market share of major wheat producers.
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a steady increase since 1940 with annual variations
throughout the period. All of these crops show a
common feature with variation in production among
years; however, there are differences in the years
that show decreases in yield because of the effect of
weather differences in the areas in which these crops
are grown and crop growing season.

of production over the same period. The United States
is the largest producer of high-quality, grain-fed beef
in the world. Though interrupted in 2004 by concerns
of bovine spongiform encephalopathy (BSE), U.S.
beef exports have been steadily increasing since
that time (Figure 2.11). In part because imports and
exports generally represent different grades of beef,
imports to the United States have also trended higher
over the past few decades, but since 2010 the United
States has been a net exporter of beef. Strong global
demand for dairy products has increased U.S. exports
in recent years. As a percent of production, U.S.
dairy exports have reached record levels (17% of
production in 2011 on a skim-solids basis). However,
greater participation in world markets has resulted
in increased exposure across livestock sectors to
global safety and disease concerns, trade policies,
and demand shifts driven by changing consumer
preferences.

Crop and livestock distribution across the United
States largely exists in locations where individual
commodities are best suited for growth due to some
combination of climate, soil, and/or economic
return on production. For example, winter wheat
can be found in areas across the United States in
which winter temperatures support crop survival,
yet provide adequate exposure to the chilling temperatures needed for vernalization that lead to crop
flowering and grain production. Grain crops, fiber
crops, vegetable crops, horticultural crops, and fruit
trees are distributed across the United States in areas
where production is optimized. Production of each of
these commodities is reported in the Census of Agriculture (USDA-NASS 2007). Also notable, however,
are the expanded regions of production which have
occurred due to changes in technology, climate, and
economics; corn production in North Dakota and
South Dakota provides one example of such expansion from the Midwest.

Effects of Technology on U.S. Agriculture
Agricultural production has steadily increased since
the 1940s, with the introduction of improved genetics, inorganic fertilizers, and crop protection chemicals, and cultural management practices. Yields of
corn, wheat, soybean, and rice for the United States
have shown increases over the period from 1940
to present, with corn showing the largest annual
increase (Figure 2.12a) and wheat (Figure 2.12b)
showing an increase in yield but at a much slower
pace than corn. Increases in rice yields (Figure 2.12c)
have been similar to corn in terms of the annual
increase. Soybean yields (Figure 2.12d) have shown

Climate Effects on U.S. Agriculture
Agricultural systems are primarily defined by
prevailing spatial and temporal distributions of
climatic and edaphic (soil-related) conditions. As

Fig. 2.11. U.S. Beef Trade, 1980–2008. The drop in demand associated with fears of Bovine Spongiform Encephalopathy
(BSE) shows clearly in 2004. Source: USDA-ERS.
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Fig. 2.12. U.S crop yields 1940 to 2010; corn(a), wheat (b), rice (c), and soybean (d). Source: USDA-NASS.

individual agricultural products differ in their ability
to adapt to changing climate conditions. For example, crops have different cardinal temperatures – the
critical temperature range for ideal lifecycle development. These vary by species and between vegetative
and reproductive growth stages. Basic temperature
responses by crops range from a base-temperature
requirement, i.e., the point at which growth begins,
and a temperature maximum where growth ceases.
Between these extremes exists an optimum temperature where plant growth is fastest. In general,
optimum temperatures are lower for the r eproductive
stage than the vegetative stage, i.e., plants are less
able to tolerate high temperatures during the reproductive stage. Increasing temperature generally
accelerates progression of a crop through its lifecycle (phenological) phases, up to the species-dependent optimum, above which development (node and
leaf appearance rate) slows. Temperature increases
projected for the United States under high and low
scenarios of future GHG emissions are therefore an
important factor in projecting future U.S. agricultural
productivity.

such, changes in key climate variables (e.g., seasonal
temperatures or precipitation patterns) can result in
changes – perhaps significant – in the mix of commodities produced and the systems and technologies
that farmers employ to produce them.
Climate change presents a novel challenge to U.S.
agriculture because of the sensitivity of agricultural system response to climatic variability and
the complexity of interactions between agriculture
and the global climate system. Interactions within
the agricultural social-ecological system can result
in synergistic effects that dampen or amplify the
system response to climate change and complicate
development of effective mitigation and adaptation
options for U.S. agriculture (McLeman and Smit
2006; Reidsma et al. 2010; Smith and Olesen 2010).
Developing the knowledge needed to manage agricultural production in a changing climate is a critical
challenge to sustaining U.S. agriculture in the 21st
century (Robertson and Swinton 2005; Howden et al.
2007; NRC 2010).
While the U.S. agricultural system has the ability
to respond to changes or fluctuations in markets,
technology, and the environment to a great degree,

However, increasing air temperature is only one
factor to consider under current and future climate
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decrease in solar duration, with sites in the Northeast,
West, and Southwest showing notable decreases.
They suggested that more detailed solar radiation
records will be required to quantify temporal changes
in solar radiation related to cloudiness and aerosols.
Reduction in solar radiation in agricultural areas in
the last 60 years as revealed by models (Qian et al.
2007) is projected to continue (Pan et al. 2004) due
to increased concentrations of atmospheric GHGs,
which may partially offset acceleration of plant
growth. A study on solar radiation by Medvigy and
Beaulieu (2011) examined the variability in solar
radiation around the world. They concluded there
was an increase in solar radiation variability that
was correlated with increases in precipitation variability and deep convective cloud amounts that may
affect solar energy production and terrestrial ecosystem photosynthesis. Any change in solar radiation resources under climate change will affect the
agricultural system.

change scenarios; local management practices such
as irrigation will also influence effects on agriculture. For example, amply irrigated plants growing
under arid conditions create microenvironments
that are 10°C cooler than ambient air temperature
due to evapotranspiration cooling. Variables such as
solar and reflected long-wave radiation, wind speed,
air humidity, and plant stomatal conductance also
affect to what degree temperature will influence
crop growth and development. Many climatic factors affect agricultural performance, and a complete
understanding of climate change effects on U.S. agriculture requires an understanding of these variables
and how they interact.
Like temperature, precipitation has a direct influence on agriculture. In many areas of the Nation,
precipitation is projected to increase, particularly in
northern regions, but the incidence of drought is also
expected to increase in some areas, and changes in
timing and rain/snow mix may increase the management challenge of delivering water to crops at the
right time through irrigation systems and practices.
The intensity of precipitation events is also expected
to increase. Excess precipitation, both in the form
of short bursts or through increased amounts over
longer episodes, can be just as damaging as too
little precipitation, leading to increased erosion and
decreased soil quality. Increased evapotranspiration due to warmer temperatures can result in less
available water – even with increased precipitation
– especially in soils with limited soil water holding capacity. Corn is susceptible to excess water in
the early growth stages, which can result in reduced
growth or even plant death, while deficit soil water
leads to less growth and yield if the stress occurs
during the grain filling period of growth (Hatfield
and Prueger 2011).

Finally, changes in CO2, temperature, precipitation,
and radiation over the next century will be accompanied by other changes in atmospheric chemistry
that have implications for agriculture. One of the
most significant of these is expected changes in
concentrations of ground level ozone. The number
and complexity of these biophysical interactions
demonstrates the necessity of systemic analyses of
potential climate effects on agriculture. All of the
factors mentioned above will affect U.S. agriculture
over the coming century, but their ultimate effect will
also depend on social and economic feedbacks.

Agriculture: A Complex SocialEcological System (SES)
Agriculture in the United States is a dynamic socialecological system (SES) of plant and animal production that is dependent on a complex flow of resources
regulated by the internal processes and interactions
between ecological and social elements of the
system that exist and function at multiple scales of
space, time, and social organization (Figure 2.13).
Recognition of the interactions within and across
scales is fundamentally important in u nderstanding
the behavior of the SES at any particular focal
scale (Gunderson and Holling 2002). For example,
consider the linkages to management decisions at
the enterprise focal scale: producer decisionmaking
is driven by perceptions of risk and other personal
considerations and preferences, knowledge of the
production capacity of the enterprise, and multiple
external drivers (for example, consumer preference,
market demand, government policies, and climatic
variability, etc.). Thus the process of plant and

In addition to their direct effects on plants, changes
in temperature and precipitation also affect the
amount of water in the atmosphere. With increases
in water vapor, cloud cover is expected to increase,
leading to a decrease in incoming solar radiation.
This effect has already been observed in the solar
radiation record around the world. Stanhill and
Cohen (2001) observed a 2.7% reduction per decade
during the past 50 years, with the current solar
radiation totals reduced by 20 W m-2. Changes in
solar radiation will directly affect crop water balance
and evapotranspiration and have less effect on crop
productivity due to other factors limiting productivity
(e.g., water and temperature) (Hatfield et al. 2011).
In a later, U.S.-centered study, Stanhill and Cohen
(2005) evaluated data from across the United States
for sunshine duration and global irradiance (solar
radiation), finding that after 1950 there has been a
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The complexity of the SES response to climatic
change is a critical challenge to research and development efforts seeking to sustain U.S. agriculture
in the 21st century (Robertson and Swinton 2005;
Howden et al. 2007; NRC 2010). Understanding
the vulnerabilities of key components of the U.S.
agricultural SES and the linkages across spatial and
temporal scales within it, under multiple uncertainties (climate, economic, policy, etc.), is critical to the
development of effective adaptation strategies.

animal production is a dynamic interplay between
society-driven demand and natural resource supply
capacity operating within the context of policy structures and producer knowledge.
The U.S. agricultural SES interacts with the global
climate system through multiple linkages that are
increasingly responsive to climatic change (Figure
2.14); these interactions challenge the sustainability
of U.S. agriculture in the 21st century (NRC 2010).
Agricultural adaptation to climate change will be
particularly challenging because of the sensitivity of
agricultural SES response to climatic variability and
extremes, the complexity of interactions between the
agricultural SES and the global climate system, the
uncertainties associated with how the climate will
change and the resulting effects at different temporal
and spatial scales, and the increasing pace of climatic
change (Howden et al. 2007). Multiple stresses
such as the limited availability of water, the loss of
biodiversity, and reduced soil, water, and air quality
interact to increase the sensitivity of the agricultural
SES to climatic change (Easterling et al. 2007; NRC
2010).

New Research for a Novel Challenge
New research, development, management and governance strategies utilizing complex-systems science
to address the complicated interactions and multidimensional nature of agricultural SES response
to climate change are needed (e.g. Easterling et al.
2007; Howden et al. 2007; Jackson et al. 2010; NRC
2010; Hatfield et al. 2011; Lin 2011; Newton et al.
2011; Tomich et al. 2011). The climate change challenge requires an innovative framework to facilitate
holistic systems thinking across the multiple dimensions of the agricultural SES, e.g., farm (Rivington et

Fig. 2.13. The United States agricultural social-ecological system can be viewed as a dynamic system of interacting social
and ecological components and processes linked to global scale biophysical systems such as climate system and the nitrogen cycle and global scale social systems such as international trade and governance (Humphrey 2011).
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scale (i.e., how resilient a particular component
such as a farm system is), and the consequences
for the response of the whole SES (Young et al.
2006). The SES conceptual framework thus presents an approach that can integrate across research
disciplines and practitioner differences to develop
appropriate policy and management responses to
build resilient systems (Walker et al. 2002; Young et
al. 2006; Nelson et al. 2007; Ostrom 2009). The risk
of not using an integrated systems approach such as
the SES is that a greater probability exists of relying overly on technological packages that lack site
specificity, on developing policies with conflicting
objectives, and failing to recognize the social or ecological thresholds that limit local adaptive capacity
(Nelson et al. 2007) or wider planetary boundaries
(Rockstrom et al. 2009).

al. 2007), region (Reidsma et al. 2010), institutional
and political structures (Romero and Agrawal 2011),
trade globalization (Young et al. 2006), and multiple
actors and the way they are represented (Rounsevell
et al. 2012). A specific feature of the SES approach
is that it places the resource manager (or producer or
consumer) within and as part of the system, rather
than external to it (Walker et al. 2002; Janssen et al.
2006). The SES approach incorporates the benefits of both focused disciplinary research to tackle
specific problems, and yet offers the breadth and
flexibility required to enable integration of multiple
disciplines (including the social sciences) within the
overall analysis and development of holistic adaptation strategies. Without such a common framework
to organize findings, isolated knowledge does not
accumulate and policies may be disjointed or even
contradictory (Ostrom 2009).

Past adaptation in the U.S. agricultural SES has
focused on objectives of production and profitability
operating within limited ranges of uncertainty (e.g.,
fuel costs, demand, and market prices, etc.). Climate

Also important in the analysis of SES dynamics
is the rates of change (fast or slow) and the spatial
scales at which each occurs, the durability of each

Fig. 2.14. A schematic framework representing key linkages between the anthropogenic drivers of climate change and
the global climate system (IPCC 2007, p 26, Figure I.1). An assessment of the interactions between key components of this
system may inform the development of adaptation options to reduce future climate change impacts on the United States
agricultural SES.
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change presents a novel adaptation driver, one that
involves greater uncertainty in future projections of
risk that is further complicated by tradeoffs between
mitigation and adaptation. A conceptual framework
such as the SES approach may aid in the management of the uncertainties faced by stakeholders
operating across multiple dimensions of the U.S.
agricultural SES under climatic change. For example,
Dessai et al. (2009) argue that a need exists for
robust adaptation strategies that are flexible enough
to account for the range of such uncertainties and
multiple objectives. The use of probabilistic climate
projections (based on multi-model ensembles) provides information about the likely range of climate
change effects and the development of risk-based
assessments (New et al. 2007), while adaptive
management can provide a buffer against uncertainty
(Howden et al. 2003; Littell et al. 2011). This implies
that adaptation planning needs to exist within a conceptual structure that facilitates the consideration of
risks across multiple components of the system and
responses.

the critical thresholds and dynamic cross-scale
interactions that drive agricultural SES response
to climatic change. These new strategies are being
increasingly employed to understand agricultural
resilience to climate change effects across a variety
of focal scales, including at the farm level (Hendrickson et al. 2008; Moriondo et al. 2010; Reidsma et al.
2010; van Apeldoorn et al. 2011), in rural communities (Atwell et al. 2008; Nelson et al. 2010a; Nelson
et al. 2010b; Arbuckle 2011), and across regions
(Allison and Hobbs 2004; Wolfe et al. 2008; Easterling 2009; Jackson et al. 2011).

SES research strategies draw on the knowledge and
methodological approaches of agroecology, transdisciplinary problem-solving, integrated analysis, adaptive management, and resilience science in an effort
to integrate the biophysical, economic, and social
dimensions of agricultural production. Experience
from the development of the ecosystem management
approach (Liu et al. 2011) and the integration of
social and ecological objectives taking an SES perspective may be instructive in guiding strategies for
U.S. agriculture adaptation. Taking an ecosystemsmanagement perspective facilitates incorporation of
multiple considerations and objectives, and potential
for attainment of multiple benefits (Munang et al.
2011). The novel analyses made possible with these
strategies also support efforts to identify and explore
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Evidence of Changing Climate Across
the Globe

evidence of ongoing changes in the Earth climate
system. Among the findings:

The United States and the U.S. agricultural system
are part of a changing world. There is broad
scientific agreement that the climate conditions
affecting agriculture are being changed on a global
scale by human activities. Burning of fossil fuels,
deforestation, and a variety of agricultural practices
and industrial processes are rapidly increasing
the atmospheric concentrations of CO2 and other
greenhouse gases (GHGs) (IPCC 2007a, pg. 10).
These changes in atmospheric composition are
increasing temperatures, altering the timing and
distribution of precipitation, and affecting terrestrial
and marine ecosystems (IPCC AR4 WGI and WGII
SPM’s; IPCC 2007a, b). Scientific evaluation of the
effects of global climate change done as part of the
Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4), new studies in the
peer-reviewed scientific literature (e.g., Allison et al.
2009), and assessments by the U.S. Global Change
Research Program, the U.S. National Research
Council, and other scientific bodies provide strong

• Global-average surface temperature has increased
by about 0.74°C (0.56-0.92°C) over the 20th century (IPCC 2007a, pg. 10).
• Long-term temperature records from ice sheets,
glaciers, lake sediments, corals, tree rings, and
historical documents demonstrate that every
decade in the late 20th century has been warmer
than the preceding decades (NOAA NCDC 2011;
Hansen et al. 2012; Jones et al. 2012).
• The most recent 50 years likely have been the
warmest worldwide in at least the last 1,300 years
(IPCC 2007a, pg. 9), and 10 of the 11 warmest
years on record have occurred since 2001 (NOAA
NCDC 2011; Hansen et al. 2012).
• Observations since 1961 show that at depths of
at least 3,000 meters, the average temperature of
the global ocean has increased; this deep storage

Rainfall Intensities
Rainfall intensities have also increased in many parts of the world over the last few decades, including
in the United States. Karl and Knight (1998) found that more than half of the observed increases in total
annual precipitation for the United States between 1910 and 1996 were due to increases in frequency
of large events, defined as occurring in the upper 10 percentile of measured daily values. Analyses using
data from 1910 through 1999 (Soil and Water Conservation Society, 2003) showed that the proportion
of precipitation coming in the form of heavy (>95th percentile), very heavy (>99th percentile), and
extreme (>99.9th percentile) daily precipitation events increased by 1.7%, 2.5%, and 3.3% per decade,
respectively, on average across the United States. The number of large events is on the increase, and the
increase has been greatest for the most extreme of events. Groisman et al. (2005) looked at measured
daily rainfall data from over half the land area of the world and found trends of increased probability of
extreme events for many regions outside of the tropics. The IPPC 4th Assessment Report (Meehl et al.,
2007) also projects general increases in precipitation intensities across much of the Earth.
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of heat together with the higher heat capacity of
water is causing the ocean surface to warm more
slowly than the land surface (IPCC 2007a)

improvements in technology, low or no growth in
population, and effective action by individuals,
corporations, and governments to limit emissions.
In such a scenario, atmospheric concentration of
CO2 would increase to about 550 parts per million
by volume (ppm), which would increase global
average surface temperature by about 1.1°C to
2.9°C in 2100 relative to 1980-1999.

• Global sea level has increased about 12-22 centimeters (cm) during the 20th century, but satellite
records confirm that the rate of sea level rise has
now almost doubled to about 3.4 millimeters
(mm) per year (IPCC 2007a; Allison et al. 2009).

• A high emissions scenario for the 21st century
(IPCC SRES A2) would result from a slowing in
technological improvement, significant population
growth, and less effective actions taken by individuals, corporations, and governments to limit
emissions. In this scenario, atmospheric concentration of CO2 would increase to about 800 parts
per million (ppm), which would increase global
average surface temperature by about 2.0°C to
5.4°C by 2100 relative to 1980-1999.

• Precipitation is highly variable and trends are
more difficult to isolate, but overall precipitation
and heavy precipitation events have increased
in most regions; at the same time the occurrence
of drought has also been on the rise, particularly
since 1970 (IPCC 2007a; Allison et al. 2009).
• Mountain glaciers and ice caps, as well as snow
cover, are receding in most areas of the world.
Both the Greenland and Antarctic ice sheets are
now losing mass at increasing rates. The extent
and thickness (volume) of Arctic sea ice is declining, and lakes and rivers freeze later in the fall and
melt earlier in the spring (IPCC 2007a; Allison et
al. 2009).

It is important to note that the average surface
temperature for each of the above scenarios would
vary by region (see Figure 3.1). Polar areas will
warm more than lower latitude areas, land more than
oceans, and continental interiors more than coastal
areas.

• Winter temperatures have increased more rapidly
than summer temperatures, and nighttime minimum temperatures have warmed more than the
daytime maxima. Across the United States (and
elsewhere), the observed number of record high
temperatures is about three times higher than
the number of record cold events (IPCC 2007a;
Meehl et al. 2009).

Climate change in the 21st century will be driven
predominantly by overall emissions of GHGs and
aerosols, as well as by the strength of feedbacks in
the climate system. The lower the emissions during
the next 100 years, the lower the climate change
experienced over this time and beyond. It is important to note, however, that the climate differences
between high- and low-emissions scenarios will
mainly occur in the latter half of the 21st century
due to the inertia of the climate system. The climate
changes being experienced today are mainly the
consequence of past emissions, and today’s emissions will continue to cause climate change into
the future. Even if atmospheric concentrations of
greenhouse gases are stabilized (which would require
large decreases from current emissions levels),
land surface temperatures will continue to rise for
decades, while ocean temperatures and sea level will
continue to rise for centuries (IPCC 2007a; Solomon
et al. 2009).

Projections of Future Global Climate
Human influences will continue to alter Earth’s
climate throughout the 21st century. Our current
scientific understanding, supported by a large body
of theoretical, observational, and modeling results
(e.g., the IPCC AR4), indicates that continued changes
in atmospheric composition will result in further
increases in global average temperature, rising sea
level, and continued declines in snow cover, land ice,
and sea ice extent. The IPCC AR4 contains projections
of the temperature increases that would result from
many different emissions scenarios (Nakicenovic et
al. 2000). For this report, we concentrate on low and
high emissions alternatives defined by the IPCC. The
characteristics and ways in which these alternative
scenarios might be achieved are described below:

Changing Climate Across the United
States: The Last 100 Years
The United States is a large country with complex
topography and thus has a considerable variety of
climate across its different regions. Alaska has high
annual precipitation and relatively cool average temperatures due to very cold winters, while Florida has

• A low emissions scenario for the 21st century
(IPCC Special Report on Emissions Scenarios
(SRES) B1) could be achieved by continued
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Fig.3.1. Projected global temperature changes for the 2020s (left side) and 2090s (right side) compared to 1980-1999 for
low emission (B1) and a high emission (A2) scenarios. The differences between scenarios get wider as time progresses.
Source: IPCC 2007.

Climate Models and Climate Research
Scientists often rely on computer models to better understand Earth’s climate system because they cannot
conduct large-scale experiments on the atmosphere itself. Climate studies are largely based on general
circulation models, which consist of mathematical representations of physical, chemical, and biological
processes that drive the Earth’s climate. Climate models, like weather models, use a three-dimensional
mesh that reaches high into the atmosphere and into the oceans. At regularly spaced intervals, or
grid points, the models apply laws of physics to compute atmospheric and environmental variables,
simulating the exchanges among gases, particles, and energy across the atmosphere. To investigate
possible future changes in climate, different scenarios of future greenhouse gas concentrations are
used as inputs for the model calculations that produce simulations of climate for the next century and
beyond. The primary focus in climate simulations is on large regional to global scale interactions of the
various components of the climate system rather than local scales. This approach enables researchers
to simulate global climate over years, decades, and millennia. Most current-generation global models
use grid points that are about 100-200 km apart. Scientists then often use these global model results to
drive finer scale, regional models with grid spacing ranging from 2-50 km (similar to weather prediction
models) for “small regional” and local-scale studies. There are also a number of statistical methods that
downscale the global models based on available high-resolution observations to estimate finer scale
change. Most recently, a small number of climate modeling centers are experimenting with very high
resolution global simulations, however such experiments require very large and expensive amounts of
supercomputing time and produce very large data sets that are still challenging to analyze.
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high annual precipitation and relatively warm average temperatures throughout the year. The Southwest experiences warm summers and low average
precipitation, while the Northeast has warm summers
and relatively high average annual precipitation.
U.S. regional climates have been very different in
the distant past due to large-scale natural climate
fluctuations – e.g., 18,000 years ago much of New
England was under a thick layer of ice – but it has
been relatively stable during the last 1,000 years as
Europeans explored and migrated to North America,
and since the founding of the United States and its
development into a modern nation. However, there
have been significant inter-annual variations within
U.S. regions during this period. For instance, year-toyear variations in the El Niño-Southern Oscillation,
fluctuations in the North Pacific and tropical Atlantic,
as well as other large-scale patterns of natural variability have been responsible for extended droughts
or temperature changes and shifts in the timing and
distribution of precipitation in some areas, but these
have been relatively short-lived (i.e., seasonal to
decadal) anomalies followed by return to more typical regional conditions.

the previous section, are almost certainly the consequence of human-induced changes in the Earth’s
atmosphere.
Temperature
In most regions of our country, annual mean temperatures have increased significantly, though considerable variability exists across regions. While Alaska
has experienced the largest changes, the northern
Midwest and the Southwest have also warmed
significantly throughout, with autumn temperatures
increasing the least. The only large region of the
United States to experience a linear cooling trend
over the last century is the Southeast. This region
warmed during the early part of the 20th century, but
then cooled markedly during the middle part of the
century and is now warming again (Figure 3.2, right
upper pullout).
Changes in temperature have varied by season as
well as by region (Figure 3.3). As noted above,
during the most recent decades, the cooling of the
Southeast has slowed and then reversed, particularly
in the cold seasons. Summer has warmed in most
areas, but not as pronounced as winter. Spring is also
warmer in most regions, likely related to more rapid
melting of snow. In much of the United States, the
century-long linear trend for autumn is still largely
dominated by the warming in the 1930s and 1940s,
and therefore the long-term trends remain small,
with the Southwest a notable exception. This overall
warming is reflected in a lengthening of the growing

The observational records for the last century clearly
show that these natural year-to-year fluctuations are
superimposed on long-term changes in temperature
and precipitation (NOAA NCDC 2011; Hansen et
al. 2012; Jones et al. 2012. See also Figure 3.2).
This trend over the past century is consistent with
observations of long-term climate change in many
other areas around the globe, which, as described in

Fig. 3.2. Observed linear 20th century (1901-2006) temperature trends for North America based on stations with complete, consistent, and high quality records. The spatial resolution is high in the contiguous U.S., but lower at high latitudes, where interpolation
was applied to achieve a 0.5-degree (about 50 km) resolution. The two pullouts illustrate that linear trends don’t always represent
the underlying variability well. Data source: University of Delaware, Matsuura and Willmott 2009, Version 2.01, based on augmented Global Historical Climatology Network, Version 2, http://climate.geog.udel.edu/~climate/html_pages/download.html.
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season in the Northern Hemisphere by about 4 to 16
days since 1970 (i.e., 1 to 4 days per decade) (US
EPA 2010).

heterogeneity than is the case with temperature
across the continent. Much of the Northwest, Central,
and Southern United States now receive more
precipitation than 100 years ago, while other areas,
such as parts of the Eastern Seaboard and the Rocky
Mountains and much of the Southwest, receive less
(Figure 3.4, lower panel).

Overall, new record warm temperatures are becoming more common than record cold throughout the
year; across the United States (and elsewhere), the
observed number of record high temperatures is now
about three times higher than the number of record
cold events (IPCC 2007a; Meehl et al. 2009).

As can be seen in Figure 3.5, century-long trends
are not continuous through time or across seasons.
Natural variability has led to decadal fluctuations
with distinct periods of both drought (e.g., the 1930s
Dust Bowl, and droughts in western regions) and wet
intervals. It is important to recognize that analyses
of average precipitation trends across years and

Precipitation
In contrast to temperature, precipitation is often
a very small-scale process and thus has greater

Fig. 3.3 Variation of 20th Century U.S. temperatures by season: Linear trends of observed surface temperatures over North
America (left panels), and time evolution for spatial averages by season for three selected regions (right panels) relative to
1901-1930. Data source: Univ. of Delaware, Matsuura and Willmott 2009.
DJF

Source: UDel.

MAM

Source: UDel.

JJA

Source: UDel.

SON

Source: UDel.
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Fig. 3.4. Same as 3.2, but for precipitation: Observed linear 20th century (1901-2006) precipitation trends for North
America. Data source: University of Delaware, Matsuura and Willmott 2009.

Fig. 3.5 Same as 3.3, but for precipitation. Variation of 20th
Century U.S. precipitation by season relative to 1901-1930.
Data source: Univ. of Delaware, Matsuura and Willmott 2009.
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large regions can blur the variability that occurs over
smaller regions or at specific periods in time (see
Figures 3.4 and 3.5).

climate conditions. The differences between high and
low scenarios of future GHG emissions are much
more noticeable near the end of the century than they
are in coming decades, similar to the global analysis
described above. The results shown here (Figures
3.6–3.11) are based on multi-model ensemble averages produced for the IPCC AR4 that have been
downscaled to 12-km horizontal resolution and biascorrected to provide as much detail as possible about
the projected regional changes (see Maurer 2007).

The intensity of precipitation has also increased in
most areas, even if some regions get less water overall. This trend is consistent with an overall warming,
since the atmosphere’s water-vapor carrying capacity
increases due to higher average temperature. However, this does not mean that all of the additional
moisture is available for agriculture and other biological and ecological processes. More intense rain leads
to faster surface runoff, and higher temperatures
enhance evapotranspiration losses to the atmosphere,
both resulting in less available moisture in soils.

Temperature
The entire United States is likely to warm substantially over the next 40 years, with an increase of 1°C
to 2°C over much of the country (Figures 3.6 and
3.7). This is a substantially greater rate of change
than that observed over the last century, reflecting
the accelerated rate of increase in GHG concentrations and temperatures observed during the last few
decades.

Projections of Future U.S. Climate
Change
It is very likely that U.S. climate conditions will
continue to change throughout the 21st century.
For the purposes of this document, we have chosen
to show projections for low and high emissions
scenarios for the coming decades (centered around
the 2040s) and the end to the 21st cen tury (centered
around the 2080s) to illustrate how different levels
of global GHG emissions could affect future U.S.

Much of the interior United States is likely to see
increases of 2°C to 3°C, while the southeastern
and western coastal areas will experience about
1°C to 2°C degrees of warming. The cooling in the
Southeast during the middle of the 20th century is
projected to become warming in throughout the 21st

Fig. 3.6. Projections of U.S. summer surface temperature from a 16-model ensemble for a low emissions scenario (SRESB1, top panels) and a high emissions scenario (SRES-A2, bottom panels) relative to 1970-1999. The near-term differences
between scenarios (left panels showing the 2040s) are much smaller than the long-term differences (right panels showing
the 2080s). Data source: CMIP3.
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Fig. 3.7. Same as Fig. 3.6, but during winter. Source: CMIP3.

century, continuing the warming seen during the last
few decades in that region.

a month or two. Occurrence of frost days will also
change significantly, particularly in the West (Figure
3.8, right panel).

Looking ahead to 2100, a low-emissions scenario is
likely to produce a summer-time warming of 3°C to
4°C in much of the Interior West, with warming of
2°C to 3°C almost everywhere else. A high-emissions
scenario is likely to result in warming of 5°C to
6°C in much of the Interior West and Midwest, with
warming of 3°C to 5°C in the Southeast and far western regions. These changes in mean temperatures
will very likely be accompanied by significant
increases in hot nights (Figure 3.8, left panel). This
widespread warming will lead to a further shift in the
length of the growing season, reaching the scale of

Precipitation
Projected changes in precipitation are more uncertain
because they are sensitive to local conditions as well
as shifts in the large-scale atmospheric circulation;
these uncertainties are probably larger in summer
than in winter. Figure 3.9 shows projections of
change in summer precipitation. Over the next 30 to
40 years, models agree that the Northwest is likely to
become noticeably drier, with reductions of 15-25%
in summertime precipitation. Much of the central

Fig. 3.8. In a high emissions scenario, the U.S. growing season will lengthen by as much as 20-40 days by the end of the
century (left panel). The number of frost days (days with minimum temperatures below freezing) will be reduced by 20-60
days in much of the United States. Both panels produced from multi-model ensemble projections based on simulation
results from CMIP-3.
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however, the increase in winter precipitation is projected to continue quite substantially, particularly in
the Northwest and Northeast. For the high-emissions
scenario, the models produce a similar precipitation pattern but with substantially larger enhancement of the near-term trends. Throughout the far
South, particularly in Texas and Florida, reductions
in precipitation may reach 20% to 25%, with strong
precipitation increases in the North of 20% or more
(Figure 3.10).

South will likely sees decreases of about 5%, while
some northern central and eastern U.S. regions are
projected to experience increases of 5-15%.
Interestingly, the simulations for the low-emissions
scenario indicate that summer precipitation might
remain largely stabilized during the second half
of the 21st century after substantial change during
the first part of the century. In the higher emissions
scenario in which emissions continue to increase,
however, the emerging summer precipitation pattern
shows a substantially drier Northwest and South,
while the increasing moisture input along the Eastern
Seaboard and Northeast is likely to strengthen even
further.

Although precipitation increases are anticipated for
large areas of the United States in both the low- and
high-emission scenarios, it is again important to note
that this does not necessarily translate into substantially more available moisture for agriculture at the
time when water is needed. Higher temperatures
lead to both earlier melt and runoff of water stored
in snow cover, and to increased evapotranspiration
losses to the atmosphere. In addition, more precipitation is projected to fall in shorter, more intense
storms, leading to more rapid runoff. These factors
may offset the projected increase in mean precipitation amounts in the United States and thus lead to
less available moisture in soils and less surface water
for organisms or ecosystems.

Snow availability and timing of snowmelt runoff is
an important seasonal concern, particularly in western regions which are dependent on snow accumulation and gradual release of water stored in snowpack
throughout the spring and summer. Figure 3.10
shows projected changes in U.S. winter precipitation.
Most regions of the northern and central U.S. are
projected to see an increase of 5% to 15% in winter
precipitation over the next 30-40 years, but areas
along the southern U.S. border will likely see much
less, with decreases of 5% to 10% possible; southern
Texas will likely experience the largest decreases,
which could be as much as 15-20%. By 2100, the
low-emission scenario produces smaller further
changes in climate, particularly in the southern
regions where drying is expected. At higher latitudes,

Extreme Conditions
Average temperature and precipitation are not the
only factors that affect agricultural systems. Extreme
climate conditions, such as dry spells, sustained
droughts, and heat waves can have large effects

Fig. 3.9. Summer precipitation projections for a low emissions scenario (SRES-B1, upper panels) and a high emissions
scenario (SRES-A2, lower panels) relative to 1970-1999. Data source: CMIP-3.
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Fig. 3.10. Same as 3.9 but for winter precipitation projections. Data source: CMIP-3.
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on crops and livestock. Changes in the incidence
of these extreme events could thus have major
effects on U.S. agricultural productivity and profitability. Although models are limited in their ability
to accurately project the occurrence and timing of
individual extreme events, observations indicate an
emerging signal that is consistent with projections
of an increase in areas experiencing droughts and
the occurrence of more intense precipitation events
(Alexander et al. 2006; IPCC 2007a; Zhang et al.
2007). Figure 3.11 shows how the number of hot

nights and the duration of very low (agriculturally
insignificant) rainfall periods are projected to change
by the end of the 21st century under a high-emissions
scenario.
Changes in Tropospheric Ozone
Current ground-level ozone concentrations are
considerably higher in the Northern Hemisphere
than the Southern Hemisphere, with background
monthly mean ozone concentrations in the Northern

Fig. 3.11. The left panel shows projected changes in duration of dry spells (consecutive number of days with less than 2 mm
of precipitation). Areas in the West and Southwest can expect increase in dry intervals by more than 12 days. In some parts
of the Northwest and south-central Texas, this increase could be as much as 2-3 weeks, mostly concentrated in the summer
season. Some North Central, as well as the East and Southeast regions, are expected to experience little change. The right
panel shows increases in the number of hot nights (defined as nights with a minimum temperature warmer than 90% of
the minimums between 1971 and 1990) across the United States projected for the high emissions scenario by the end of
the 21st century. By 2100 many parts of the United States could experience 30-40 additional hot nights. Data Source:
CMIP-3.
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Ozone
Ozone is formed photochemically in the troposphere when its precursors (nitrogen oxides and carbon
monoxide) generated mainly from fossil fuel combustion (e.g., from the energy-generating and
transportation sectors), methane emissions, large fires and industrial processes, react with volatile
organic compounds (some from natural vegetation) and oxygen in the presence of sunlight. Ozone and
its precursors can be transported hundreds of kilometers into rural areas where agricultural activities
occur and native and managed forests exist. There is evidence that ozone, along with it precursors, is
increasingly transported from Asia over the Pacific Ocean to North America. Climate change will alter the
dynamics, temperature, and humidity of the troposphere affecting the occurrence of stagnation episodes
that lead to high ozone conditions. Efforts to reduce pollution emissions have mostly succeeded in
lowering peak ozone concentrations, however mean ozone levels in many areas remain high enough
to impact crops and forests (Booker et al. 2009). Concern exists that future reductions in local ozone
formation may be offset by rising background levels as global industrialization increases.

Hemisphere ranging from 35 to 50 parts per billion
by volume (ppb) (Emmons et al. 2010). In North
America and Europe, higher ozone concentrations
occur in the summer with peak daily concentrations
occurring in the late afternoon. Future ground-level
ozone concentrations have been explored using a
variety of possible emissions scenarios (Dentener et
al. 2006; Stevenson et al. 2006; Dentener et al. 2010;
Lamarque et al. 2011).1 While multi-model studies
using the IPCC SRES scenarios showed increases
in ozone of 2-7 ppb in the Northern Hemisphere
between 2000 and 2030 (Prather et al. 2003), more
recent studies have indicated smaller changes or even
reductions in ozone if current air quality legislation
is implemented (Dentener et al. 2006). Changes in
temperature and water vapor will also affect future
ozone concentrations. Increased temperatures on the
order of 0.7°C and associated changes in water vapor
are expected to decrease surface ozone in cleaner
regions, but tend to have the opposite effect in more
polluted areas (Dentener et al. 2006; Lamarque et al.
2011). A larger influx of stratospheric ozone under
climate change conditions and an increasing contribution of imported ozone from intercontinental
transport could also lead to changes in ground level
ozone in the future (Dentener et al. 2010).

increased during the last several decades. A large
number of observations and simulation experiments
clearly show that this long-term change is distinct
from the natural variability of climate that the U.S.
has always experienced. In most areas of the United
States, temperatures have increased. Precipitation changes have been more variable; while some
regions have experienced increases, others have seen
decreases. The growing season has become longer
all across the U.S., and the number of frost days has
decreased.
U.S. climate will continue to change during the
next century. It is very likely that the amount of
change will be significantly greater and the rate of
change more rapid than that experienced during the
last 100 years. There will be more warm nights and
longer periods of extreme heat, and the incidence of
both drought and very heavy precipitation events is
expected to increase. Continued increases in greenhouse gas emissions will increase the amount of
climate change the United States will experience in
the next 100 years. Limiting the increase in greenhouse gas emissions will reduce the rate and amount
of climate change during this period.
There is still some mismatch between the typical
spatial scales of climate science and agricultural science experimentation. The agricultural community
requires information on local to regional scales (tens
of kilometers or less) to support studies of climate
effects and adaptive capacity. Higher resolution
simulations and projections of change, accompanied
by improved documentation of probabilities and
model biases, is a critical overarching research need
for study of the effects of climate on agriculture.

Conclusions
The climate of the U.S. has changed during the
last 100 years, and the rate of climate change has
1

The scenarios for ground-level scenarios do not take into
account the rapid increase in the recent rapid development
of natural gas using unconventional methods (e.g., hydraulic
fracturing); such techniques may increase the amount of
ground-level ozone.
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Time scale is another important issue. The 100-year
projections that have been the main focus of climate
change forecasting are of minimal use in agricultural
planning. The decadal to multi-decadal projections
that are being undertaken by many climate modeling
groups are more relevant but still not well suited for
informing agricultural decisions. Improved seasonal
to yearly forecasts would be a major step forward in
providing information useful for production decisions and near-term planning.
The current body of scientific literature on climate
change effects on agriculture clearly shows that
availability of water is one of the most important
elements of adaptive capacity. Yet representation of
precipitation and other elements of the water cycle
is one of the most difficult challenges in climate
and weather modeling. Simulation and prediction
of precipitation is less robust than simulation and
prediction of temperature. Improving our ability to
accurately predict changes in the timing and amount
of precipitation is also a high priority research need
for agriculture and climate.
There is also a profound need for design and
development of more sophisticated and complete
modeling systems and simulation experiments
that include the simultaneous interacting effects
of multiple stresses on plants and animals, such
as increased temperatures, increased GHG levels,
decreased water availability, and increased pest
populations. Better integration of biological,
ecological, economic and climate models is needed
to develop a more complete picture of climate
change vulnerability, adaptive capacity, and effects.
More accurate representation of the complexity of
change will result in the production of more accurate
and usable projections.
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Direct Climate Change Effects

he preceding two chapters have provided
the backdrop for the next series of chapters,
describing the U.S. agroecosystem and some
of the social, physical, and economic components,
as well as the past, present, and likely future state of
the global and national climate. The next series of
chapters will explore many of these aspects in greater
detail. In this chapter, focus will be on the complex
and myriad interactions between climate and the U.S.
agroecosystem, highlighting both the direct and indirect effects of current and future climate change.

Air Temperature
Average air temperatures in the contiguous United
States are expected to increase during the next 30
years (Karl et al. 2009). Such temperature increase
will almost inevitably affect agricultural products, as
all plants have minimum, maximum, and optimum
temperatures that define their response to temperature. The minimum and maximum temperatures are
the boundaries for growth; between these extremes
is an optimum temperature that allows greatest
growth. Beyond a certain point, higher air temperatures adversely affect plant growth, pollination, and
reproductive processes (Klein et al. 2007; Sacks
and Kucharik 2011). However, as air temperatures
rise beyond the optimum, instead of falling at a rate
commensurate with the temperature increase, crop
yield losses accelerate. For example, an analysis
by Schlenker and Roberts (2009) indicates that
yield growth for corn, soybean, and cotton gradually increases with temperatures up to 29oC to 32oC
and then decreases sharply as temperature increases
beyond this point.

Often assessments of the effects of climate change on
agricultural focus on rising air temperatures, changing precipitation patterns, and increasing atmospheric
CO2 concentrations. All of these are critical factors
on growth of crops, forage, livestock, and other agricultural products. But, as mentioned in the previous
chapter, another effect of climate change with important consequences for U.S. agriculture is the incidence of air stagnation, which can lead to episodes
of higher ozone concentration in agricultural regions.
Together, these characteristics comprise direct (abiotic or physical) effects of climate change.
Equally important to consider are indirect effects
of climate change. Included in this mix are effects
of changing air temperature and precipitation on
non-crop species found in agroecosystems, such as
insects, weeds, pathogens, and invasive species. As
is the case with direct effects, these indirect (biotic or
biological) effects of climate change can have considerable influence on the vitality of U.S. agriculture.

Temperature minimum, maximum, and optimum
have been summarized by Hatfield et al. (2011) for a
number of different species, providing thresholds to
use when assessing the potential effects of increasing temperature on crop growth. This information
was used in crop simulation models to show that
continued increases of temperature will lead to yield
declines between 2.5% and 10% across a number
of agronomic species throughout the 21st century.
Other evaluations of temperature on crop yield
have had varying outcomes: Lobell et al. (2011)
showed estimates of yield decline between 3.8% and
5%; Schlenker and Roberts (2009) used a statistical approach to produce estimates of wheat, corn,
and cotton yield declines of 36% to 40% under a
low-emissions scenario, and declines between 63%
to 70% for a higher emissions scenario. Note that
these simulation exercises did not incorporate effects

The complexity of the system and how direct and
indirect effects of climate change influence both the
system as a whole and individual species within the
system makes projecting the net outcome of changes
to climate change challenging. In the sections
below, some of the current science describing these
direct and indirect climate effects on agriculture is
presented.
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of rising atmospheric CO2 on crop growth, yield
reductions due to pests, crop genetic variability, or
management innovations such as new fertilizers,
rotations, tillage, or irrigation. Experiments are
currently underway to update simulation models to
account for interacting effects of temperature, CO2,
and moisture on crop growth, genetic variability, and
production effects.

(Betts et al. 2007), as well as weed and insect interactions with crops.
In addition to effects on crops, increasing air temperatures will affect livestock production through
increases in animal stress, with such stress further
amplified when higher air temperature is coupled
with higher relative humidity. Animal stress, as
evidenced by reduced pregnancy rates, longer time
needed for the animals to reach market weight, and
reduced milk production, can result in livestock
production declines. Of note, minimum temperature
is the environmental variable having the closest
relationship with beef cattle pregnancy rate, with
12.6°C to 14.9°C being the optimum temperature for
supporting beef pregnancy.

Research tends to focus on the effects of average
air temperature changes on crops; however, minimum air temperature changes may be of greater
importance (Knowles et al. 2006) because minimum temperatures are more likely to be increased
by climate change over broad geographic scales
(Knowles et al. 2006). Minimum air temperatures
affect nighttime plant respiration rate and can reduce
biomass accumulation and crop yield (Hatfield et al.
2011). Even as climate warms and minimum average
temperatures increase, years with low maximum
temperatures may more frequently be closer to
achieving the temperature optimum, which will result
in higher yields than is the case today during years
when average temperatures are below the optimum.
Welch et al. (2010) found this to be the case for a
historical analysis of rice in Asia – higher minimum
temperatures reduced yields, while higher maximum
temperature raised yields; notably, the maximum
temperature seldom reached the critical optimum
temperature for rice. As future temperatures increase,
the authors found that the maximum temperatures
could decrease yields if they rise substantially above
the critical zone.

Water
Precipitation has a direct influence on agriculture
and is projected to increase for some areas of the
United States and decrease for others. Changes of
the timing, intensity, and amount of rain/snow mix
for a location are expected to increase the management challenge of delivering water to crops at the
right time through irrigation systems and practices.
Excess precipitation can be as damaging as receipt of
too little precipitation due to the increase in flooding
events, greater erosion, and decreased soil quality.
Increases in evapotranspiration can result in less
available water even in cases when precipitation
amounts increase, particularly in soils with limited
soil water holding capacity. For example, excess
water during corn’s early growth stages may cause a
reduction in growth or even death, while soil water
deficit may lead to less growth and lower yields if the
stress occurs during the grain filling period of growth
(Hatfield and Prueger 2011).

Maximum temperatures are affected by local conditions, especially soil water content and evaporative
heat loss as soil water evaporates (Alfaro et al. 2006).
Hence, in areas where changing climate is expected
to cause increased rainfall or where irrigation is
predominant, large increases of maximum temperatures are less likely to occur than will be the case in
regions where drought is prevalent.

Water requirements for agriculture are expected to
increase due to rising temperatures. An example
of the regional effect of changing temperature, the
U.S. West will experience declining snow accumulation and early, faster snow-melt rates due to earlier
spring-time warming and higher average winter-time
air temperatures; this region depends on snowpack
runoff both for early-season crop growth and irrigation needs later in the growing season (Knowles et al.
2006).

Increasing air temperature can enable earlier planting during the spring if suitable moisture and soil
temperature conditions exist, resulting in a longer
growing season. A longer growing season creates
more time to accumulate photosynthetic products
for greater biomass and harvestable yields as long
as the temperatures do not exceed optimum values.
However, increasing temperatures will also increase
crop water demand and larger plants will use more
soil water as part of the growth process (Betts et al.
2007). The positive effects of temperature could be
offset by increased variation of precipitation and soil
water availability to the crop. At the same time, a
longer growing season can affect water availability

Atmospheric Carbon Dioxide
Carbon dioxide concentrations of the well-mixed
atmosphere, as sampled at the summit of Mauna Loa,
Hawaii, have increased rapidly since measurements
began in 1958. Because enhanced atmospheric CO2
concentrations stimulate photosynthesis and plant
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c oncentrations based on particular future target
dates and emission scenarios; the “ambient” control
concentration has increased gradually over the years
of this research, which complicates comparisons of
responses. Hurdles involved in moving similar studies
forward is that debate exists about the most realistic
experimental techniques to expose crops to simulated
future CO2 concentrations (Holtum and Winter 2003;
Long et al. 2005; Long et al. 2006; Tubiello et al.
2007; Ziska and Bunce 2007).

growth, much work has been focused on determining
the responses of crops and weeds to elevated CO2,
often in single-variable experiments. To fully
appreciate the implications of CO2 for weeds, it is
necessary to understand the nature of individual
species versus crop population responses. Although
higher CO2 levels typically increase growth, the
response varies by species. Part of this variability is
related to photosynthetic biochemistry. For example,
plants with the C3 photosynthetic pathway (about
95% of all plant species) are likely to respond more
strongly than plants possessing the C4 photosynthetic
pathway (for which photosynthetic rates are saturated
at current, ambient CO2).

Yields of wheat, rice, and soybeans under field
conditions increased approximately 12% to 15%
under 550 ppm compared with 370 ppm CO2
concentrations, with the percentage increases about
1.6 times those for elevated CO2 concentrations of
approximately 700 ppm. As compared with most
other annual crop species, cotton had an exceptional
43% yield increase under increased CO2 concentrations, but it should be noted that some varieties of
rice and soybean also had yield increases as large as
cotton. Corn had negligible yield increases. Within
C3 species, we might expect differences in CO2
responsiveness between sexual and vegetative commodities (e.g., seed crops versus pasture species),
and between root and shoot crops. However, given
the variation in response among varieties within species, these expected differences in response have not
been substantiated. Also, response differences may
exist between annual and perennial species because
the stimulation of growth by perennial species grown
with little competition may be cumulative over years.

Most experiments have used one or two elevated
CO2 concentrations, most often near 550 or 700
mmol mol-1 (i.e., 550 to 700 ppm2), rather than

The Difference Between C3 and
C4 Plants
Most plant life on Earth can be broken into two
categories based on the way they assimilate
carbon dioxide (CO2) from the atmosphere
into

different

physiological

components.

More than 95% of the world’s plant species
fall into the C3 category. As CO2 is taken up
from the air by C3 plants the first component
formed is a three-carbon compound as the

Elevated atmospheric CO2 can modify responses
of crops to environmental stresses. Some modifications tend to reduce effects of stress, such as elevated
CO2 causing partial stomatal closure and reducing penetration of ozone into leaves, which in turn
lowers yield losses due to ozone (Fiscus et al. 1997;
Booker and Fiscus 2005). Partial stomatal closure at
elevated CO2 also reduces crop water loss (Jarvis and
McNaughton 1986; Wilson et al. 1999; Bunce 2004).
However, elevated CO2 increases crop tissue temperatures, which may exacerbate damage to reproductive processes caused by high air temperatures.

first stable product of carbon fixation, while C4
plants make a four-carbon compound during
the initial stages of photosynthesis. The most
recognizable C4 plants, include sugarcane
and corn. One of the most important
differences between C3 and C4 species for
rising CO2 levels is that C3 species continue
to increase photosynthesis with rising CO2,
while C4 species do not. Another important
difference between C3 and C4 plants is evident
in stomatal conductance and water use by

Rising atmospheric CO2 concentrations over the
last 150 years have likely increased productivity of
pastures (Polley et al. 2003; Izaurralde et al. 2011).
Based on simulation studies, it is expected that the
productivity of Great Plains native grasslands will
continue to increase over the next 30 years as air
temperature and atmospheric CO2 concentrations

plants. There is a decrease in the stomatal
conductance of the leaves (Wand et al 1999;
Ainsworth et al 2002) as the atmospheric
concentration of CO2 increases. The result of
this decrease in conductance is a reduction in
the rate of water use and an increase in water
use efficiency (amount of biomass produced
per unit of water transpired).

2
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increase (Parton et al. 2007; Izaurralde et al. 2011).
Rangeland species encompass a wide variety of
types of plants and include both C3 and C4 species;
elevated CO2 can increase the proportion of C3 relative to C4 species (Owensby et al. 1999). Rangeland
species’ responses to increased temperature and
CO2 are similar to those of the major crops, though
interactions among species are more important as
rangelands consist of a mixture of species.
In addition to
production quantity, the
quality of agricultural
products may be altered
by elevated CO2.

Tropospheric Ozone
Recently, a number of innovative studies have
advanced understanding of plant responses to ozone,
refining researchers’ knowledge of ozone-agriculture
interactions under changing climate conditions. This
enhanced understanding of ozone’s effects on U.S.
agriculture is increasingly important because ozone
and its precursors are transported hundreds of miles
into rural areas affecting native and managed forests,
including culturally important Class I Wilderness
Areas, as well as farm, pasture, and other regions of
agricultural activity (Mickley et al. 2004; Dentener et
al. 2006).

As is the case for rangelands, the mixed nature of
pasture crops has important implications for the
response to water and nutrients under elevated
temperatures and CO2. In Texas, average pastureland
biomass increased with CO2 concentration, with
increases ranging from 120 to 160 g m-2 per 100
ppm increase in CO2 (Polley et al. 2003). Rangeland
species will grow faster with higher temperatures and
experience a longer growing season.

Ozone, after uptake through the leaf’s stomata,
interacts with plants’ cellular processes, inhibiting
photosynthesis, growth, and yield. Gene expression
and proteomic studies show that detrimental ozone
effects are likely caused by a combination of chemical toxicity and plant-mediated responses that either
amplify or inhibit injury (Cho et al. 2011). Already,
studies indicate that current ambient ozone levels
are suppressing yields of crops such as alfalfa, bean,
clover, cotton, peanut, potato, rice, soybean, sugar
cane, and wheat in many regions of the United States
and worldwide (Booker et al. 2009; Grantz and Vu
2009). In addition, changes in leaf chemistry due to
elevated ozone exposure in common grassland species have reduced nutritional quality of the land used
to support grazing animals. This loss of food quality
may be more significant than biomass losses in the
assessment of ozone’s effect on forages (Muntifering
et al. 2006). Additionally, ozone may offset potential elevated CO2 aerial fertilization effects in some
plants.

Beneficial to growth of woody plants, encroachment of such species into pastures may reduce the
available nutrients for livestock and will, as a result,
require management changes to address. An analysis of cattle fecal chemistry over the past 14 years
suggests that changes in pasture makeup and effects
of increased temperature and decreased rainfall have
resulted in a general decline in forage quality (Craine
et al. 2010). This includes a decrease in dietary crude
protein and digestible organic matter. Consequently,
it seems likely that the livestock industry will have
to provide increased supplemental feeds to pastureraised cattle in the future to prevent decreased cattle
growth (Craine et al. 2010).
In addition to production quantity, the quality of
agricultural products may be altered by elevated
CO2. For example, some non-nitrogen-fixing plants
grown at elevated CO2 have reduced nitrogen (N)
content (Ainsworth and Long 2005). Nitrogen is a
critical agricultural crop nutrient. The mechanism for
this is unclear. One implication may be that changes
of N application-practices may be useful in dealing
with climate change effects, both for the economic
gains by producers, and to reduce the environmental
effects of elevated residual soil N. For instance, non
N-fixing cereal and forage crops grown at elevated
CO2 often have lower protein contents (Erbs et al.
2010), which will affect human and animal nutrition,
and could also affect the behavior of pests. More
subtle product quality responses, especially to temperature and water stress, may also be very important
economically.

Elevated CO2 and ozone pollution interact to affect
crop yields, suggesting that projected benefits of
rising CO2 in the atmosphere may be overly optimistic because they are based on models that do not
include many important confounding factors in the
environment. However, in some cases, increases of
atmospheric CO2 may lessen ozone injury (Ainsworth
and Long 2005; Fiscus et al. 2005), although the
interaction becomes less effective as ozone concentrations increase.
At the agroecosystem level, ozone effects on soil
carbon (C) and nitrogen dynamics have not been well
characterized. Changes in below-ground crop processes are hypothesized to result mainly from ozone
effects on plant C allocation and biomass production.
Both are generally reduced by ozone, especially in
plant roots (Andersen 2003; Grantz et al. 2006); for
example, decreased N2 fixation with elevated ozone
has been observed (Tu et al. 2009). Expression of
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are indirect effects of climate change. For agriculture,
such effects can alter production yields and quality,
and may necessitate changes to management practices. These indirect effects may also increase farming
costs, as additional inputs may be required to manage
the influence of weeds, invasive species, insects, and
other pests. Weeds cause the highest crop losses globally (34%), with insect pests and pathogens showing
losses of 18% and 16%, respectively (Oerke 2006).
In the following sections, some of the indirect effects
of climate change on weeds, pests, and pathogens and
their respective effects on U.S. agriculture will be
sketched out.

genes and proteins involved in photosynthesis is
suppressed, while carbohydrate catabolism, oxidative signaling, antioxidant, and defense pathways are
stimulated by ozone (Ahsan et al. 2010; Booker et
al. 2011; Cho et al. 2011). The responses are hypothesized to be due in part to a need for energy and a
reduction in the plant’s power to detoxify and repair
damage caused by oxidative molecules (Ahsan et al.
2010).
In a 6-year, no-till, soybean-wheat study conducted
in open-top field chambers, there was no effect of
ozone on soil microbial activity, biomass, community
composition, or nitrogen mineralization, in contrast
to elevated CO2, which increased these processes
(Cheng et al. 2011). Plant residue input in the opentop chamber experiment was less in the added ozone
treatment, but seemed to have no effect on soil
nitrogen (Cheng et al. 2011). A Soybean Free Air
Concentration Enrichment (SoyFACE) study showed
that with 20% higher ozone, bulk soil nitrogen and
carbon concentrations were 12% and 15% higher,
respectively, than in soil from plots exposed to ambient air (Pujol Pereira et al. 2011). It was suggested
that decomposition processes may have been slower
under elevated ozone due to the lower amount of
plant material input. Soil NH4+ concentration was
decreased by ozone, possibly related to decreased
residue input and lower symbiotic N2 fixation.
Denitrifying bacteria increased with soil organic
carbon at the SoyFACE site (Pujol Pereira et al.
2011). Decreased N2 fixation with elevated ozone has
also been observed in peanut (Tu et al. 2009). There
is no evidence that soil carbon and nitrogen dynamics
in highly managed agroecosystems are significantly
influenced by ambient ozone in the United States,
although it is possible that substantial reductions in
biomass production due to higher future ozone levels
could influence soil nutrient cycling processes. It
should be noted, however, that the potential influence
of high ambient ozone levels on soil nutrient cycling
has not been evaluated in the agriculturally productive regions of southern California, eastern China, or
northern India, for example, where ozone effects on
crops are evident (Booker et al. 2009).

Weeds and Invasive Plant Species
Agronomic Weeds
Cropland agriculture, in its simplest arrangement,
can be characterized as a managed plant community that is composed of a desired plant species (the
crop) and a set of undesired plant species (weeds).
Agronomic weeds reduce food production through
competition for light, nutrients, and water, and by
reducing production quality, increasing harvest interference, and acting as hosts for other pest vectors.
By altering the environment (e.g., temperature) or
increasing a resource (e.g., CO2), we change not only
the growth of an individual, but also the interactions
among species, and the growth patterns of the entire
plant community.
Temperature and Precipitation Effects on
A
 gronomic Weeds
Weed scientists have long recognized that temperature controls weed species success (Woodward
and Williams 1987). Thus, warming will affect the
dissemination of weeds with subsequent effects on
their growth, reproduction, and distribution. Many
of the most troublesome weeds in agriculture – both
warm-season (C3) and cool-season (C4) species – are
confined to tropical or subtropical areas (Holm et al.
1997); the lower temperature extremes that occur
at higher latitudes are inhospitable to many weeds.
High-latitude temperature limits of tropical species
are set by accumulated degree days (Patterson et al.
1999), while low-latitude limits are determined, in
part, by competitive ability to survive at lower temperatures (Woodward 1988). However, because many
weeds associated with warm season crops originate
in tropical or warm temperature areas, northward
expansion of these weeds may accelerate with warming (Patterson 1993; Rahman and Wardle 1990).

Indirect Climate Change Effects
As is the case with crops and livestock, climate
change affects weeds, pests, and pathogens. Changes
in temperature and precipitation patterns, coupled
with increasing atmospheric CO2, create new conditions that change weed-infestation intensity, insect
population levels, the incidence of pathogens, and the
geographic distribution of many of these pests. Such
changes on non-crop species found in agroecosystems

For maize and soybean crops within the United
States, there is a clear latitudinal distinction between
the Great Lakes (Michigan, Minnesota, Wisconsin)
and Gulf States (Alabama, Louisiana, Mississippi)
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both decrease interference from weed communities
dominated by foxtail (Setaria) species (McGiffen et
al. 1997) and increase competitive ability of Johnson
grass (Leguizamon 2011).

with respect to weed limitations (Bunce and Ziska
2000). The greater soybean and corn losses in the
southern Gulf States are associated with a number of
very aggressive weed species found in tropical or subtropical areas (e.g., prickly sida and Johnson grass).
Warmer temperatures, in particular an increase in the
number of frost-free days, may allow a northward
expansion of these aggressive weeds into other areas
of the Midwest, with subsequent effects on maize and
soybean production. An analysis of such changes,
using a “damage niche” hypothesis, and a “business as usual” climate scenario (IPCC 2007) showed
significant changes in the range of two weed species
affecting corn in the northern and southern United
States (velvetleaf and Johnson grass, C3 and C4
weeds, respectively) (Mcdonald et al. 2009). Based
on these initial evaluations, velvetleaf, a cold-tolerant
annual weed, is likely to become less problematic in
the Corn Belt; whereas Johnson grass, a warm-season
perennial, may become more common, advancing
northward by 200 to 600 km by midcentury.

Effects of Carbon Dioxide on Agronomic Weeds
There are only a handful of field studies that have
quantified changes in crop yields with weedy competition as a function of rising atmospheric CO2 (Ziska
2000; 2003a; 2010). These outcomes were consistent
with the known kinetics of the photosynthetic pathway; i.e., plants with the C4 photosynthetic pathway
performed poorly relative to plants with the C3 photosynthetic pathway as atmospheric CO2 increased.
For example, soybean yield losses from pigweed, a
C4 weed, were reduced from 45% to 30% with rising
CO2 (Ziska 2003a). Conversely, for dwarf sorghum
(C4 crop) and velvetleaf (a C3 weed), yields further
reduced as CO2 increased.
However, the interaction of rising CO2 on cropweed competition must also consider weed-crop
associations where both plant species have the same
photosynthetic pathway, a situation that often occurs
since agronomic practices tend to select, over time,
for weeds with similar morphological and phenological characteristics to the crop. An assessment of these
weed crop interactions (Table 4.1) demonstrates that
agronomic weeds consistently respond more than
crops to elevated CO2.

Given their similar life histories and growth rates,
crops and weeds are likely to have similar responses
to drought; consequently, the overall effect of weeds
may be reduced because of decreased growth of
both crops and weeds in response to water availability (Patterson 1995). However, effects of drought
are likely to vary widely among crops and weeds.
In corn, for example, drought has been found to

Table 4.1. Summary of studies examining whether weed or crops grown in competition were “favored” as a function of elevated concentrations of CO2. “Favored” indicates whether elevated [CO2] produced significantly more crop or weed biomass.

Weed

Increasing [CO2]
Favors

Environment

Reference

Amaranthus retroflexus

Weed

Field

Ziska (2003)

Crop
A. C4 Crops / C4 Weeds
Sorghum

B. C4 Crops / C3 Weeds
Sorghum

Xanthium strumarium

Weed

Glasshouse

Ziska (2001)

Sorghum

Albutilon theophrasti

Weed

Field

Ziska (2003)

Field

Ziska (2010)

C. C3 Crops / C3 Weeds
Soybean

Cirsium arvense

Weed

Soybean

Chenopodium album

Weed

Field

Ziska (2000)

Lucerne

Taraxacum officinale

Weed

Field

Bunce (1995)

Pasture

Taraxacum and Plantago

Weed

Field

Potvin & Vasseur (1997)

Pasture

Plantago lanceolate

Weed

Chamber

Newton et al. (1996)

D. C3 Crops / C4 Weeds
Fescue

Sorghum halapense

Crop

Glasshouse

Soybean

Sorghum halapense

Crop

Chamber

Echinochloa glabrescens

Crop

Glasshouse

A. retroflexus

Crop

Field

Rice
Soybean
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Invasive weeds

Interactive Effects of Global Changes on
Agronomic Weeds
To date, only one study has evaluated the interaction
between temperature, CO2, and crop/weed competition (Alberto et al. 1996). This study found increased
CO2 to favor rice, a C3 crop, over a C4 weed at
27/21°C; however, concurrent increases in CO2 and
temperature favored the weed, due to increased seed
yield loss for rice relative to the weed (Alberto et al.
1996). Hypothetically, there are a number of additional potential interactive effects related to temperature, CO2, and weed/crop competition. For example,
growth of tropical weeds is strongly stimulated by
small air temperature changes (Flint et al. 1984;
Flint and Patterson 1983), but it is unknown if a
greater synergy with rising CO2 would be anticipated
for these weeds relative to tropical crops. Still, the
Alberto study emphasizes that effects of climate
change on simple competitive outcomes will be difficult to predict based simply on a C3 crop/C4 weed
model.

Invasive weeds compete with desired plants in
rangelands, pastures and other perennial agricultural
systems in the United States, reducing both food production and biological diversity (DiTomaso 2000).
A key difference between agronomic weeds and
invasive plants, with respect to global change, is that
global changes that influence plant resources (water,
N, light, C) influence invasive weeds particularly
strongly (Bradley et al. 2010a).
Temperature and Precipitation Effects on Invasive
Weeds
Both warming and precipitation change can alter
plant resources and invasion. Experimental warming
has been found to favor invasion in relatively wet
European grassland (Verlinden and Nijs 2010), but
to have little effect on, or to inhibit invasive species in drier California and New Zealand grasslands,
perhaps because it increases evapotranspiration and
therefore water limitation (Williams et al. 2007;
Verlinden and Nijs 2010; Dukes et al. 2011). As with
agronomic weeds, warming may be most likely to
favor C4 invaders competing with C3 species (Bijoor
et al. 2008) and inhibit C3 invaders competing with
C4 species (Williams et al. 2007). The few experiments examining how changing precipitation might
influence invasion suggest that effects depend on
seasonality. Increases in winter precipitation favored
invasive species in mixed-grass prairie (Figure 4.1,
Blumenthal et al. 2008), while increases in spring

Few studies have examined interactions between
drought, rising CO2, and weed/crop competition.
Although competition was not determined directly,
the proportion of weed biomass increased with CO2
to a similar extent in wet and dry treatments in a
pasture mixture (Newton et al. 1996). In a study of
tomato (C3 crop) and redroot pigweed (C4 weed),
well-watered conditions resulted in reduced competition from the weedy species; however, if drought and
high CO2 occurred concurrently, redroot pigweed
was a better competitor (Valerio et al. 2011). Overall,
if C4 weeds utilize less water with increasing CO2
than do C3 crops, C4 weeds could potentially outcompete C3 crops in high CO2/drought conditions
(Knapp et al. 1993).

Fig. 4.1. Increased snow, nitrogen, and particularly the combination of the two, increase Dalmatian toadflax (Linaria
dalmatica) invasion in mixed-grass rangeland. (USDA ARS
Photo courtesy of Stephen Asmus.)

Similarly, little information is available regarding
weed/crop competition, CO2, and nutrient availability. Under extreme nutrient limitations, stimulation
of biomass with additional CO2 may be minimal;
however, under moderate nutrient limitations more
relevant to agricultural situations, the increase in
biomass may be reduced, but still occur (e.g., Rogers
et al. 1993; Seneweera et al. 1994). In the only
published study to examine competition between a
C3 crop (rice) and a C4 weed (barnyard grass) (Zhu
et al. 2008), the proportion of rice biomass increased
relative to barnyard grass with a 200 ppm increase in
atmospheric CO2, but only if nitrogen was adequate.
If N was low, elevated CO2 reduced the competitive
abilities of rice relative to the C4 weed, presumably
by reducing carbon sinks (e.g., tiller formation) in
rice. These data indicate that in rice cropping systems
with limited N, rising CO2 could still exacerbate
competitive losses, even from C4 weeds.
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precipitation favored invasive species in California
and Utah grasslands (Miller et al. 2006; Thomsen
and D’Antonio 2007). Across studies and ecosystems, invasive species tend to use more water than
natives (Cavaleri and Sack 2010), suggesting that
invasive species may often be favored by increased
water availability during their growing season (Bradley 2009). Therefore, the large sections of the United
States that are expected to receive higher precipitation may need to engage more actively in invasive
weed management.

reduced with climate change, while cheatgrass’
potential range shifts, expanding into currently wetter
areas and contracting from currently drier areas
(Figure 4.2).
Extreme climatic events such as drought, flooding,
and strong storms, which are predicted to become
more frequent with climate change, can also influence weed invasion (Jimenez et al. 2011; Diez et
al. 2012). While decreasing precipitation might be
expected to inhibit invasion, severe or extended
droughts can act as disturbances, decreasing biotic
resistance from native species, and providing
opportunities for invasive species once precipitation
returns. For example, in Arizona rangeland, severe
drought in 2004 and 2005 led to the death of many
native shrubs and grasses, followed by rapid invasion
and dominance by Lehmann lovegrass (Eragrostis
lehmanniana) (Scott et al. 2010). Similarly, hurricanes in Florida and Louisiana have damaged forests
and increased cover of invasive vines (Horvitz et al.
1998; Brown et al. 2011).

In addition to altering the success of invasive species
within plant communities, changes in climate are
also likely to alter the distributions of those species (McDonald et al. 2009; Watt et al. 2009; Ibanez
et al. 2009; Bradley 2009; Bradley et al. 2010b;
Jarnevich and Reynolds 2011.) Biogeographical
modeling, which uses current spatial distribution to
identify suitable habitat under future climate conditions, suggests that rising temperatures and altered
precipitation may not consistently increase invasive
species’ ranges (Bradley et al. 2010a). For some
species, projected changes in climate primarily cause
an expansion of invasion risk (e.g., Jarnevich and
Stohlgren 2009; McDonald et al. 2009; Bradley et al.
2010b), particularly near the cooler margins of their
range (poleward and upward in elevation). For other
species, climate change may reduce invasion risk in
portions of the invaded range (e.g., Parker-Allie et
al. 2007; Beaumont et al. 2009; Bradley 2009). For
example, a model of spotted knapweed risk suggests
that the species’ potential range will be substantially

Effects of Carbon Dioxide on Invasive Weeds
Many plants grow faster with elevated CO2. Inherently fast-growing plants, including many invasive
plants, can respond particularly strongly (Poorter and
Navas 2003; Ziska 2003b; Ziska et al. 2005; Song et
al. 2009). In controlled-environment studies, these
differences have not translated into consistently
stronger CO2 responses in invasive than non-invasive
plants (Dukes 2000). However, in field studies that
incorporate competition with native plants, elevated

Fig. 4.2. Biogeographical models project range shifts in invasive plant distribution, creating both areas of increased and
decreased risk. Colors show future climatically suitable regions for invasive plant species according to climate projections
for the year 2100 from 10 Atmosphere-Ocean General Circulation Models (AOGCMs) under the IPCC A1B future climate
scenario. Warmer colors represent greater overlap of AOGCM projections, increasing confidence in future risk. Hatched
areas show regions that are currently unsuitable, but become suitable in at least one projection. A) Spotted knapweed
distribution is affected mainly by temperature, and is projected to expand upwards in elevation, but to contract at lower
elevations (dark blue areas). B) Cheatgrass distribution is affected mainly by precipitation, and is projected to expand into
wetter areas, but to contract from drier areas as overall water availability decreases in the West. Source: Reprinted from
Bradley et al. 2009.
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researchers are utilizing biogeographical models to
assess future weed threats related to climate change.
For example, warming temperatures are predicted
to lead to considerable turnover in the set of damaging weed species for any given agricultural field
(McDonald et al. 2009). Although a number of
studies have projected species-specific range shifts
for invasive plants (for examples, see Bradley et
al. 2010a), projections for agronomic species are
rare. Furthermore, predictions of weed distribution
rarely include weed effects, a problem that could
be addressed by increasing the use of the abundant
data provided by biogeographical modeling (Leibold
1995; McDonald et al. 2009; Kulhanek et al. 2011).
For now, as a general rule of thumb, managers can
look to neighboring States in the South for insight
on what the damaging weeds of the future will be
(McDonald et al. 2009). In the future, models may
allow for species- and location-specific predictions of
the effects of weeds.

CO2 has been found to increase invasion in grasslands (Dukes et al. 2011; but see Williams et al.
2007), desert (Smith et al. 2000), and forests (Hattenschwiler and Korner 2003; Belote et al. 2004)
in some years. Carbon dioxide also increases plant
water-use efficiency, and may be most likely to favor
invasive species in water-limited ecosystems (Dukes
2002), as observed in the Nevada desert (Smith et
al. 2000). Carbon dioxide can exacerbate nitrogen
limitation, however (Luo et al. 2004), and may be
least likely to favor invasive species in environments
with low available nitrogen.
Interactive Effects of Global Changes on Invasive
Weeds
The combined effects of multiple global changes
on invasion are difficult to predict, but could have
serious consequences for perennial agricultural
systems. For example, in mixed-grass prairie, the
combination of increased winter precipitation and
simulated N deposition increased invasion much
more than the sum of the two individual changes
(Blumenthal et al. 2008). In contrast, while elevated
CO2 and N increased yellow starthistle (Centaurea
solstitialis) biomass 6-fold and 3-fold, respectively,
in California grassland, their combined effects were
additive (Dukes et al. 2011). Multiple global changes
may also influence invasion through interactions
with fire. Both elevated CO2 and severe droughts
can favor fire-promoting invasive grasses in western
U.S. rangelands (Smith et al. 2000; Brooks 2003;
Ziska et al. 2005; Scott et al. 2010; Mazzola et al.
2011). At the same time, warmer temperatures and
earlier cessation of cool-season precipitation are
expected to increase the number and intensity of fires
(Abatzoglou and Kolden 2011). The likely result is
further transformation of diverse native rangelands
into near-monocultures of invasive grasses (Bradley
2009; Abatzoglou and Kolden 2011).

Weed management includes the identification and
implementation of cultural, mechanical, chemical,
and biological options to prevent or maintain weed
populations at acceptable levels. Effects of CO2 and/
or climate change on herbicide efficacy have only
been examined in a handful of studies, but are likely
to depend on the mode of action, the weed species,
and on competitive interactions (Archambault et al.
2001). For example, although elevated CO2 had no
effect on the sensitivity of redroot pigweed, a weed
that in large doses may prove toxic to animals grazing on it, to the most commonly used herbicide in
the United States (glyphosate), sensitivity of lambsquarters, a commonly occurring weed, to glyphosate
was reduced, such that the full, recommended dosage
suppressed, but did not eliminate, growth (Ziska et
al. 1999). Similarly, elevated CO2 reduced the efficacy of glyphosate against Canada thistle (Cirsium
arvense), quackgrass (Elytrigia repens) (Ziska and
Teasdale 2000), and a number of exotic C4 grasses
(Manea et al. 2011), and the efficacy of glufosinate
(a cell membrane disruptor) against Canada thistle
(Ziska and Teasdale 2000).

Adaptation
Managing agronomic and invasive weeds under
climate change requires attention to: (1) changes in
the distribution and diversity of weed threats; (2)
changes in the vulnerability of crop production to
weed limitations under the range of weed management practices currently in use; and (3) risks posed
by new weeds, including those not yet introduced to
the United States.

Experimental data assessing the effects of climate
and CO2 change on mechanical, biological and
cultural weed control are almost non-existent. Yet
management strategies may also change in efficacy
with changing climate and CO2 concentrations. For
example, tillage could be affected by rising CO2,
with a faster time to vegetative cover, but less time
for field operations. Rising CO2 levels could also
increase asexual reproduction (e.g., Rogers et al.
1992; Ziska et al. 2004), further limiting mechanical control. Precipitation extremes of drought or
flood could also hinder field operations. The efficacy

The first step in adapting weed management to
climate change is to determine which weeds will
threaten agricultural production in the future, and
where they will be most problematic. Although temperature and water have often been used to delineate
vegetative zones, weed habitat is rarely included in
those mapping efforts. To rectify this, innovative
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of biocontrol agents (e.g., insects) is dependent on
synchrony between various aspects of the plant community. While global changes may disrupt relationships between invasive weeds and biocontrol agents,
it may be possible to anticipate such changes by
matching prospective agents to predicted future distributions as well as present distributions of invasive
species (Thomson et al. 2010). Cultural weed management may also interact with changes in climate
and/or changes in CO2. For example, flooding is used
for weed control in rice. Climate change is anticipated to affect water supply through its influence on
glacial runoff, snowpack, or drought severity (IPCC
2007; Kerr 2007).

Air Temperature Effects on Insect Pests
Generally, increasing air temperature is beneficial
to insect pests. As long as upper critical limits are
not exceeded, rising temperatures accelerate every
aspect of an insect’s life cycle, and warmer winters reduce winter mortality. Although increased
summer temperatures also favor growth of insect
populations, extension of the growing season has a
proportionately greater effect on the damage insects
inflict on their host plants (Bradshaw and Holzapfel
2010). Moreover, pests’ greater nutrient demands in
early spring and autumn coincide with the planting and fruiting stages – stages that are particularly
vulnerable for many crops and critically important
for successful production.

It will also be important to account for climate
change in policies that limit introduction and movement of new, potentially invasive species. The
combination of changing environments and changing
patterns of trade is likely to increase both the risks
posed by and the supply of species adapted to warm,
dry environments (Bradley et al. 2012). For example,
as limited water supplies in the western United States
increase demand for drought-tolerant horticultural
species, many of which are exotic, risks of introducing species capable of invading this relatively dry
region increase. By incorporating such predictions
into risk assessments, and associated policies, it may
be possible to reduce the number of invasive species
that need to be managed in the future.
....as is the case for crops,
insects have optimal
temperatures under
which they thrive, so not
all insect populations will
increase with increasing
temperature.

Increasing air temperature has resulted in reduced
cold stress without substantial increase in heat
stress (Bradshaw and Holzapfel 2006), although
decreased soil temperatures in areas with reduced
frequency of snow cover can result in greater winter
insect mortality (Bale and Hayward 2010) because
arousal from winter dormancy is generally dependent on accumulated temperature (growing-degree
days). Research shows examples of insect phenology advancing faster than previously experienced
within a season (Gordo and Sanz 2006; Harrington
et al. 2007; Gregory et al. 2009; Bale and Hayward
2010). Some insects spawning multiple generations
per season have responded to longer growing seasons
by producing more generations per year (Tobin et al.
2008; Altermatt 2010), which, in addition to adding
more insects to the environment, can lead to pests
developing greater resistance to insecticides (May
and Dobson 1986).

Insect Pests
The geographic ranges of insect pests are limited
by the presence of the plants upon which they
feed, and the ability of the insects to survive winter
temperatures. However, through local dispersal and
long-distance migration, some insects may reinvade colder regions annually. Spring emergence is
generally defined by temperature, whereas winter
dormancy is cued by photoperiod or a combination
of photoperiod and temperature. Insects are capable
of withstanding all but the most extreme precipitation events, thus rainfall affects growth and survival
principally through increased cloud cover, which
can reduce activity, and changes in the nutritional
quality of the plants upon which insects feed. Insects,
especially small ones and those with aquatic life
stages, will desiccate and die without ready access to
water. Humidity influences the prevalence of insect
diseases, as well as plant diseases that insects carry.
Although food quality is important to their growth,
survival of many insects is dependent upon predation in natural ecosystems with chemical, biological,
and microbial controls used to suppress pests, and
sometimes their predators, below their natural level
in agroecosystems.

The overall positive influence of increasing air
temperature on expansion of insect geographical ranges is well documented in natural systems,
although some insects’ ranges have shifted and others
have contracted (Walther et al. 2002; Parmesan and
Yohe 2003; Parmesan 2006; Walther 2010). Earlier migration and maturation result in successful
colonization of habitats that were formerly outside
an insect population’s range (Bale and Hayward
2010). However, as is the case for crops, insects have
optimal temperatures under which they thrive, so not
all insect populations will increase with increasing
temperature.
Increased winter survival in newly colonized habitats
also contributes to successful expansion (Crozier
2004). Less work has been done in agroecosystems,
but Diffenbaugh et al. (2008) projected range expansion of the corn earworm, European corn borer, and
the Northern and Western corn rootworms in the
United States based upon tolerance to minimum
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absolute temperature, number of hours below -10°C,
and the required growing-degree days in the first half
of the year. Models project that geographic ranges
will expand for all four species by 2100, indicating
that insects from diverse life styles may be affected
similarly by recent and future temperature changes
(Diffenbaugh et al. 2008).

highly dependent on the response of the host plant
to increased CO2. This indirect action of CO2 makes
for quite variable interactions between plants and
insect pest. Generally, increasing C to N (C:N) ratios
in plants under increased enhanced atmospheric CO2
makes nutritionally poorer forage for insects. However, compensatory feeding can offset an insect’s N
needs (DeLucia et al. 2008; Johnson and McNicol
2010), and addition of N to the soil can also moderate the influence of CO2 on insect performance by
restoring the C:N ratio that is observed in plants
under present-day conditions (Tylianakis et al. 2008).

Projected increases of extreme precipitation events
could make pest population outbreaks and crashes
more common (Hawkins and Holyoak 1998; Srygley
et al. 2010). Pest outbreaks are often associated with
dry years (White 1984), although extreme drought
is unfavorable to insects (Hawkins and Holyoak
1998). Extremely wet years are also unfavorable
(Fuhrer 2003). Under changing climate, environmental thresholds currently keeping some pests
in check may be exceeded because of increased
variability, making pest outbreaks likely to become
more common as a result of increased climate variability. Phenological shifts and geographical range
shifts in interacting species can be synchronous or
asynchronous, and as a result may have important
ramifications on pest population (Hance et al. 2007;
Memmott et al. 2007; Hegland et al. 2009). For
example, as a result of warming over the last century,
the larch budmoth’s range has shifted to the distributional limit of its host, dampening a millenniumlong cycle in outbreaks of the moth (Johnson and
McNicol 2010). As another example, the northward
expansion of crop ranges may have altered aphid
community composition. In Europe, autumn sowing
of winter wheat, barley, and rape provides a substrate
for parthenogenic, non-diapausing aphids to survive
the winter (Roos et al. 2011). In Poland, changes in
winter survival of parthenogenic aphids may have
resulted in a shift in species composition to fewer
aphid species with sexual forms in their life cycles.

Nitrogen limitations can cause plants to produce
fewer of the secondary metabolites that are involved
in developing resistance to insect pests (Zavala et
al. 2008), while enhanced CO2 fixation can increase
C-based defenses that reduce the digestibility of a
given crop for insects (Stiling and Cornelissen 2007).
For example, enhanced CO2 fixation by soybeans
increases leaf toughness, but there is a coincident
decrease of a plant’s production of N-based compounds such as cysteine proteinase inhibitors – proteins that defend soybean from beetles (Gregory et al.
2009). Although most insects would find a plant with
decreased N-based defenses more appealing, some
specialized insects that cue on those specific secondary compounds to stimulate feeding will feed less.
Evidence also exists that micronutrients are less
available with increasing CO2 (Loladze 2002), which
can reduce the quality of plants used for forage. Ultimately the effect of increased CO2 on insects is quite
variable, with some insects growing more slowly and
maturing at smaller sizes, and others growing more
quickly and becoming larger (Stiling and Cornelissen
2007). A review of the net effects of elevated CO2 on
crops and forages with insect herbivores (Table 4.2)
suggests that beetles and aphids generally perform
better, to the detriment of the plants, while moths
often eat more and achieve similar weights.

Blood-sucking and tissue-feeding insects and ticks
on livestock may also be affected by climate change.
One clear example is the recent emergence of bluetongue virus in Europe (Wittmann and Beylis 2000).
The geographic range of bluetongue’s principle Old
World vector, the midge Culicoides imicola, has
expanded northward into southern Europe; with the
midge came several introductions of bluetongue.
Once European midges picked up the virus, they
transmitted it beyond its traditional range, increasing its range up to 800 km further north than was the
case prior to 1998.

Projections of insect distributions and abundance
with climate change (Table 4.3) have different underlying assumptions. In some projections, an insect’s
existing geographic range is used to estimate critical
temperatures that define its habitat boundaries. Then
the change in mean global air temperature projected
to accompany a doubling of CO2 is used to investigate how the range might change in the future. To
estimate effects of gradual changes in temperature
on range or abundance, a series of step increases in
ambient temperatures are also applied to the critical
thermal parameters that define the insect’s range.
These models have advantages in their simplicity,
but one critical assumption is that the host plants will
show a similar change and may be available in newly

Effects of Enhanced Atmospheric Carbon Dioxide
on Insect/Pests
The effects of increased atmospheric CO2 on insect
pests is much more complex than that of increasing temperature because insect performance is
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colonized geographic range areas. Other significant
assumptions of many model inputs are that there will
be no effects on plant tissue composition that might
affect the tissues’ nutritional value, or that the secondary metabolites involved in attracting beneficial
insects or defending the plant from harmful insects
will be modified with temperature changes.

Agronomists and modelers are aware that the large
uncertainties in precipitation can expand the modeled
outcomes (Olfert and Weiss 2006). Modeling
additional trophic levels, such as the response of
host plants or parasitoids to temperature, make the
assumptions more realistic (Gutierrez et al. 2008).
Some projections have applied predictions from

Table 4.2. Net effect of pest herbivory on crop, forage, and invasive plants in elevated CO2. Beetles and aphids generally
perform better to the detriment of the plants; caterpillars typically eat more but enhanced plant growth results in little net
effect. Host Species Effect Codes: (-) plant likely to be harmed by increased pest performance. (+) plant performance is
likely to increase because insect performance decreases. ( Ø) equivocal or neutral results, i.e., insect and plant performances increase more or less equally. Sources : 1Heagle et al. 1994, 2Karban and Thaler 1999, 3Joutei et al. 2000, 4O’Neill et al.
2008, 5Dermody et al. 2008, 6Johnson and McNicol 2010, 7Salt et al. 1995, 8Smith and Jones 1998, 9Butler et al. 1986, 10Sun
et al. 2011, 11Li et al. 2011, 12Awmack et al. 1997, 13Chen et al. 2004, 14Bezemer et al. 1998, 15Himanen et al. 2008, 16O’Neill
et al. 2011, 17Lincoln et al. 1984, 18Osbrink et al. 1987, 19Lincoln and Couvet 1989, 20Marks and Lincoln 1996, 21Akey et
al. 1988, 22Chen et al. 2005, 23Wu et al. 2006, 24Karowe and Migliaccio 2011, 25Johnson and Lincoln 1990, 26Johnson and
Lincoln 1991, and 27Heagle 2003.

Order

Acarina

Coleoptera

Diptera

Hemiptera

Hymenoptera

Lepidoptera

Orthoptera
Thysanoptera

Effect
on
Host

Herbivore Species

Host Species

Tetranychus urticae (red spider mite)

Trifolium repens1 (white clover)
Gossypium hirsutum2 (upland cotton)
Phaseolus vulgaris3 (kidney bean)

+

Popillia japonica (Japanese beetle)

Glycine max4 (soybean)

-

Diabrotica virgifera (western corn rootworm)

Glycine max4 (soybean)

-

Sitona lepidus (clover root weevil)

Trifolium repens (white clover)

-

Pegomya nigritarsis (leaf-mining fly)

Rumex crispus (invasive dock)
R. obtusifolius7 (invasive dock)

-

Chromatomyla syngenesiae (leaf-mining fly)

Sonchus oleraceus8
(invasive sow thistle)

+

Bemisia tabaci (sweet potato white fly)

Gossypium9-11 (cotton)

Ø

Aulacorthum solani (glasshouse potato aphid)

Vicla faba12 (broad bean)

-

Stiobion avenae (grain aphid)

Triticum aestivum (spring wheat)

-

Myzus persicae (green peach aphid)

Poa annua14 (grass)
Brassica napus15 (oilseed rape)

+

Brevicoryne brassicae (cabbage aphid)

Brassica napus15 (oilseed rape)

Ø
-

6

13

Aphis glycines (soybean aphid)

Glycine max

Aphidius matricariae
(green peach aphid parasitoid)

Poa annua14 (grass)

Ø

Pseudoplusia includens (soybean looper)

Glycine max17 (soybean)

-

Trichoplusia ni (cabbage looper)

Phaseolus lunata (lima bean)

Ø

Spodoptera eridania (southern armyworm)

Mentha piperita (peppermint)

Ø

Spodoptera frugiperda (fall armyworm)

Festuca arundinaceae20 (tall fescue)

Ø

Pectinophora gossypiella (pink bollworm)

Gossypium hirsutum (upland cotton)

Ø

Helicoverpa armigera (cotton bollworm)

Gossypium (cotton)
Triticum aestivum23 (spring wheat)

+
+

Colias philodice (clouded sulfur butterfly)

Trifolium repens24 (white clover)
Medicago sativa24 (alfalfa)
Lotus corniculatus24 (birdsfoot trefoil)

Ø
Ø
Ø

Melanoplus sanguinipes (migratory grasshopper)

Artemisia tridentata25 (sage)

Ø

Melanoplus differentialis (differential grasshopper)

Artemisia tridentata26 (sage)

-

Frankliniella occidentalis (western flower thrip)

Trifolium repens (white clover)

+

5,16

(soybean)

18

19

21

22
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two or more global circulation models reduced
to the region of interest to compare their effects
on projected insect responses to climate change
(Newman 2006; Trnka et al. 2007).

temperature (Table 4.3). For example, corn earworm,
European corn borer, and the Northern and Western
corn rootworms are expected to expand their ranges
northward in the United States into what is currently unsuitable habitat (Diffenbaugh et al. 2008).
Swede midge is projected to expand into the northern
Midwest and central Canada (Mika et al. 2008). Pink

The most common model projections for pest insects
show an expansion or shift in range with increasing

Table 4.3. Projected effects of climate change on agricultural pest insects. 1Jeffree and Jeffree 1996, 2Kocmankova et al.
2011, 3Diffenbaugh et al. 2008, 4Olfert and Weiss 2006a, 5Stephens et al. 2007, 6Gutierrez et al. 2009, 7Mika and Newman
2010, 8Mika et al. 2008, 9Musolin et al. 2010, 10Gutierrez et al. 2008, 11Harrington et al. 2007, 12Newman 2006, 13Newman
2005, 14Porter et al. 1991, 15Trnka et al. 2007, 16Gutierrez et al. 2006, 17Olfert and Weiss 2006b, 18Bergant et al. 2005. Note
that small body size generally results in lower fecundity and higher mortality. Larger body size results in higher fecundity
and higher survival.
Herbivore Species

Simulation

Region

Response

Coleoptera
Leptinotarsa decemlineata
(Colorado beetle)
Diabrotica barberi
(Northern corn rootworm)
Diabrotica virgifera
(Western corn rootworm)
Ceutorhynchus obstrictus
(cabbage seedpod weevil)
Meligethes viridescens
(rape blossom beetle)
Oulema melanopus
(cereal leaf beetle)

2x CO2

Europe

range expansion1

2021-2100

central Europe

northward expansion of additional generations per year2

2071-2099

U.S.A.

range expansion3
range expansion3
range expansion and greater abundance, inhibited by increased
precipitation4

+1-7°C
±60% of
precipitation

Canada

range expansion and greater abundance4
range expansion and greater abundance, sensitive to precipitation4

Diptera
Batrocera dorsalis
(oriental fruitfly)

2080

U.S.A.

range expansion following invasion5

Batrocera oleae (olive fly)

+1-3°C

California

shift northward and to coastal areas, contraction in Central Valley and
deserts6

2020-80s

North America

range GCM dependent7

2020-80s

Canada &
U.S.A.

westward shift to central Canada and Northern Great Plains; optimal
range GCM dependent8

+2-2.5°C

Japan

+2-3°C

California

2050

Europe

8-day advance in first flight1

2080s

Canada

increased abundance in northern or coastal regions, less abundant in
southern or central regions, depending on climate model12

2080s

Great Britain

5-92% decline in abundance in southern England13

+1°C

Europe

range expansion 165-665 km north14

2x CO2

Europe

range expansion 1220 km north; additional generation annually14

2021-2100

central Europe

northward expansion of additional generations per year2

2025-2050

central Europe

spring advancement, additional generation, northward range expansion15

2071-2099

U.S.A.

range expansion to occupy all of lower 48 except Rocky Mountains3

Heliothis zea (corn earworm)

2071-2099

U.S.A.

northward range expansion to upper Midwest3

Pectinophora gossypiella
(pink bollworm)

+0.5-2.5°C

California

little change at or below 1 C; at 1.5 C and above, expansion into Central
Valley and population increases in extant range16

+1-7°C

Canada

increased range and abundance17

Liriomyza huldobrensis
(pea leaf-miner)
Contarinia nasturtii
(swede midge)

Hemiptera
Nezara viridula
(Southern green stinkbug)
Planococcus ficus
(vine mealybug)
Aphis, Brevicoryne, Myzus,
etc. (aphids)
Rhopalosiphum padi, etc.
(cereal aphids)
Rhopalosiphum padi, etc.
(cereal aphids)

additional generation, smaller summer and larger autumn body size,
greater winter survival9
increases in abundance across extant range due to reduced biological
control10

Lepidoptera

Ostrinia nubilalis
(European corn borer)

Orthoptera
Melanoplus sanguinipes

Thysanoptera
Thrips tabaci (onion thrips)

2021-2050
2051-2080

Slovakia

0.5-4 additional generations per year18
0.9-6.9 additional generations per year18
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to interactions of increased CO2 and limited N in a
region that will experience greater drought (Newman
2005); projections of the response of an aphid
parasitoid to climate change in Great Britain did not
qualitatively alter the projections for the effects of
climate change on the parasitoid’s cereal aphid hosts
(Hoover and Newman 2004).

bollworm is predicted to expand its range into the
Central Valley of California (Gutierrez et al. 2006),
and olive fly is projected to shift its range from the
Central Valley and desert regions northward and
westward to coastal habitats (Gutierrez et al. 2009).
In addition to shifting range, additional generations being born during a single season have been
projected for insects such as the Colorado beetle,
the European corn borer, and onion thrips in central
Europe, and the southern green stinkbug in Japan
(Table 4.3). Consequently, insect abundances are also
projected to increase. The diversity of insects modeled lends credence to the suggestion that these modeled predictions may extend to many insects capable
of more than one generation per year in U.S. regions
with similar projected increases of temperature.

Adaptation
With more pests shifting northward, generation times
decreasing, and abundances increasing in the future,
management costs are expected to increase due to
more frequent application of pesticides. For example,
pesticide applications to control lepidopteran pests
(e.g., moths) on sweet corn decrease with increase in
latitude from 15 to 32 times per year in Florida, four
to eight times per year in Delaware, and zero to five
times per year in New York (Hatfield et al. 2011).
It can also be expected that resistance to chemical
control agents will evolve more rapidly because of
the increased genotypic diversity that comes with
pest insects’ range expansion and greater numbers of
generations of particular pests undergoing selection for resistant forms each year (May and Dobson
1986). Crop diversification and landscape management for natural pest control can result in greater
suppression of pest outbreaks and pathogen transmission in a changing climate (Lin 2011). It is also likely
that some biological control agents will become less
effective due to mismatched sensitivity between
agent and effects on pests due to changes in the environment that increase pest resistance. For example,
with increases in temperature, the vine mealybug
is projected to find refuge from parasitoids introduced for its control in California vineyards, as the

Projections are generally made with the assumption
that the traits defining the insect’s range, phenology, and abundance will not evolve. This is true in
so far as there is no evidence that novel climatic
tolerances have evolved on an ecological time scale
that allows a species to inhabit a previously hostile
environment (Parmesan 2006). However, even if
the species as a whole does not evolve, populationlevel genetic changes could have large local consequences. Researchers have documented rapid shifts
in a population’s critical photoperiod so that the
insects migrate or diapause (i.e., go into a dormant
state) later in autumn in accordance with an extended
growing season (Bradshaw and Holzapfel 2001;
Gomi et al. 2007). At the edge of their range, insects’
abilities to disperse may also change, as made
evident by newly colonized habitats having insects
with larger flight muscles and more active metabolic
enzymes (Haag et al. 2005; Hill et al. 2011).
Insect Vectors of Pathogens
Aphids are important vectors of plant pathogens.
Their short generation times make them likely to
gain from global warming with a high risk of damage
to crops. Range expansion of both the aphids and the
pathogens they transmit will also result in increased
genotypic diversity, making resistance to control
efforts more likely to evolve (May and Dobson
1986). For example, green peach aphid populations
are becoming more genetically variable in Scotland in association with warmer winters and earlier
dispersal (Malloch et al. 2006). Projected changes in
cereal aphid abundance in Canada in 2080 were temperature dependent, with increases in aphid populations predicted in more northerly latitudes or coastal
regions, whereas southern or central regions had
projected decreases, depending on the climate model
(Newman 2006). Note that these projections are very
different from the uniform decrease in cereal aphid
abundance projected for southern Great Britain due

Insects and Trade
There are some very specific Animal and Plant
Health Inspection Service (APHIS) regulations
that allow import/export of a commodity
that might have a quarantine pest on it to
specific locations, during specific times of
the year when the weather is considered
so unfavorable for the pest that if the pest
were present and if it escaped into the
environment, it would have a zero chance of
surviving and reproducing. If climate changes
and the receiving location becomes habitable
for the pest, then some of the regulations may
need to change.
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These effects have been determined for some pathogenic viruses, fungi, and bacteria, leading to weatherbased decision-support models designed to address
seasonal production issues and disease management
protocols (Jones et al. 2010; Savary et al. 2011). One
of the first comprehensive reviews of the potential
effects of climate change on plant disease recognized
that it would most certainly affect plant disease at
many levels of complexity, although generalizations
would be difficult to make (Coakley et al. 1999).
More than 10 years later, this remains true, in spite of
significant progress in defining parameters potentially driving plant disease processes in a changing
climate.

p arasitoids cannot survive under increased temperature (Gutierrez et al. 2008). Thus, the performance of
candidate biological control agents under changing
climate conditions will need to be assessed prior to
selection and use.
Pathogens
Plant Pathogens
With non-vector-borne pathogens, plant pathogen
responses to climate change must be considered
within the context of a “disease triangle” that
involves the pathogen, the host, and the environment;
together these component parts determine whether
a disease, itself a process, will occur (Agrios 2005).
With vector-borne pathogens, the vector must be
included in the disease triangle, with the microbial
pathogen, the host, and the vector all interacting
separately with the environment (e.g., Thresh 1983).
In addition to having the basic components – pathogen, host and vector – as the required drivers of plant
disease, plant pathogens and their vectors are influenced by other factors that complicate our ability to
predict pathogen movement, incidence, severity, and
evolution (Van der Putten et al. 2010).

Yield and quality losses caused by diseases are
influenced by 1) the direct consequences of climate
change, e.g., increased temperatures, elevated CO2
concentrations, altered rainfall patterns, drought and
greater wind speeds; 2) regional alterations in areas
cropped and ranges of crops grown, and 3) changes
in vector ranges and activity. These factors alter the
geographic ranges and relative abundance of pathogens, their rates of spread, the effectiveness of host
resistances, the physiology of host-pathogen interactions, rates of pathogen evolution and host adaptation, and the effectiveness of control measures (Jones
2009). Effects of such changes on the frequency and
duration of epidemics will vary depending on the
pathosystem involved and geographic location, as
well as continued environmental conditions that are
conducive to the pathogen’s survival and thriving
(e.g., moisture and temperature conditions) (Garrett
et al. 2006).

Under current climate conditions, even with efforts to
manage disease in place, crop losses to pathogens are
estimated to be approximately 11% of overall worldwide production (Oerke 2006). Pathogen growth and
reproduction can be evaluated independently with
regard to the epidemiological parameters necessary
for disease development (i.e., cardinal temperatures
and responses to individual atmospheric influences).

Role of Scale in Disease/Pests
Pests and diseases offer particular challenges for predicting and adapting to climate change effects
because of the strong temporal and spatial correlation produced by their spread (Garrett et al., 2011;
Shaw and Osborne, 2011). Greater pathogen or pest reproduction in one place and time will have
important effects on risk in other places and times. New invasive species may have impacts greater
than the impacts of climate change. These two forms of global change need to be considered together
(Anderson et al., 2004; Coakley et al., 1999). Adaptation strategies will need to consider how regional
patterns of cropping areas may change in response to climate change, and how this may change risks for
transmission (Coakley et al., 1999; Margosian et al., 2009).Disease and pests are thus also an example
of how management may need to adapt at multiple scales to changes in risk. Farmers must be prepared
with strategies for addressing new types or degrees of problems, crop insurance programs may need
to adapt, pesticide manufacturers may need to modify production, plant breeders may need to change
their breeding priorities, decision-support systems and other management support systems may need
modification, extension services may need to more frequently update their training programs, and
policies related to management may need to be altered.
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while measuring effects on multiple pathogens.
Work by Eastburn et al. (2010) at a FACE facility
evaluated the effects of increased CO2 and ozone
on downy mildew, brown spot, and sudden death
syndrome (SDS) in soy crops. Elevated CO2 alone or
in combination with increased ozone reduced downy
mildew, increased brown spot severity (associated
with changes in soybean canopy structure), and had
no effect on SDS.

Extreme weather events projected with climate
change include episodes of torrential rain with strong
winds, in addition to heat waves and droughts, all
of which influence plant pathogen epidemics (Jones
2009). Also, the rate of spread of contact-transmitted
viruses will be accelerated through greater plant
wounding arising from intense storms that feature
torrential rainfall, or hail and high winds.
It was hypothesized that elevated ozone (resulting
in increased plant tissue necrosis) would lead to
increased disease by fungal necrotrophs, whereas
elevated CO2 was predicted to favor infection by
fungal biotrophs. In some cases these hypotheses
have proven true, but there are also many examples
where the opposite effects have been observed
(Eastburn et al. 2011). It is evident that these types of
effects are difficult to predict, due in part to the nonlinear biological responses of pathogens to increased
CO2, ozone, temperature, and humidity (Garrett et al.
2011). The majority of the studies that measure the
effects of these parameters on pathogen growth are
not able to incorporate all of the potential changes
that may take place, particularly where including the
host in conjunction with the pathogen or vector is
logistically challenging.

In addition to field studies, understanding hostpathogen interactions related to climate change has
dramatically improved as a result of new molecular
research methods. For example, elevated CO2 has
been shown to induce non-specific plant defense
responses effective against Potato virus Y (Matros et
al. 2006).
Information on the influence of changing climate
on crop development, physical structure, and
biochemistry is critical for determining pathogen
response. For example, pathogens that require entry
via plant stomata are likely to encounter conditions of increased cuticular wax and higher stomatal
resistance (Eastburn et al. 2011). Changes in wax
composition will also likely affect plant-pathogen
biochemical interactions that influence infection
processes (Eastburn et al. 2011).

In a thorough review, Garrett et al. (2006) provide
a framework for considering climate change effects
across multiple changing variables, with individual
plant responses to single factors such as increased
CO2 or temperature well characterized for many crop
plants. Generally, if host-plant survival can be linked
to a single factor that overrides all others, then pathogen survival can likewise be linked to this overriding
factor. For example, increased plant growth associated with elevated CO2 can result in a canopy that
is more conducive to fungal foliar diseases due to
higher humidity occurring at the microclimate level
(Pangga et al. 2011).

Drought and heat stress may affect the expression of
crop resistance genes that would normally provide
protection from pathogens, but even this can be variable within a given host, depending on the resistance
genes present. The effectiveness of some plant genes
for resistance to virus diseases is known to be temperature sensitive; for instance, the gene for Tobacco
mosaic virus (TMV) resistance is markedly reduced
in efficacy above 28°C (Samuel 1931). This same
temperature effect has been observed in transgenic
tomato plants containing the same gene (Witham
et al. 1996). Transient expression of the resistance
genes for TMV (N gene) or Potato virus X (potato
Rx gene) in a model system further demonstrated the
reduced efficacy of these genes at high temperatures
(Wang et al. 2009). Conversely, some resistance
genes have been found to be more effective at higher
temperature. One example of this is the wheat gene
Yr36, which confers resistance to many races of the
wheat stripe rust at temperatures between 25°C and
35°C, but loses the resistance at lower temperatures
(Uauy et al. 2005). Similarly, the bacterial blight
resistance gene Xa7 restricts disease more effectively at high temperatures than at low temperatures,
although the crop and the pathogen are both present
during cool and warm production seasons (Webb et
al. 2010).

Increasing temperature may cause plant stress or may
decrease plant stress depending on whether a crop is
being grown in its optimal range or near a heat-tolerance threshold. Unfortunately, rarely does a single
plant-growth or -health factor change as a result of
climate change. When a combination of changes
exist that result in temperatures, for example, that are
no longer ideal for the crop host, this effect can be
compounded when the change coincidently favors
increased growth, formation of spores, earlier initial
infection, shorter latent periods, or increased rates of
disease progress (Campbell and Madden 1990).
More recently, studies involving pathogens in Free
Air CO2 Enrichment (FACE) facilities have combined variations in CO2 and ozone concentrations
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Increased temperature decreases efficacy of plant
antiviral resistance mechanisms based on gene
silencing, a process by which a plant gene is “turned
off” so that it does not respond to the presence of a
virus (Webb et al. 2010).

the invasive weed kudzu, Eastburn et al. 2011) have
non-crop (often weed) reservoirs that provide bridges
between cropping periods (e.g., Adkins et al. 2011).
Climate change is likely to indirectly affect virus diseases by altering the geographic range of both vectors and non-crop reservoirs, and the feeding habits
of vectors (Canto et al. 2009; Jones 2009; NavasCastillo et al. 2011). Projected climate changes are
similarly predicted to alter populations and distributions of other insect, mite, nematode and soil fungi
vectors of viruses and non-crop reservoirs, and thus
the viruses transmitted or hosted, although effects
are likely to vary by geographic region (reviewed in
Jones, 2009). Examples include:

In the face of climate-related change, cultural control
measures are likely to be less reliable in suppressing
virus epidemics. Such techniques include planting upwind of virus sources when prevailing wind
patterns vary, planting early maturing cultivars
or harvesting early to avoid exposure of crops at
peak insect vector flight times, and manipulation
of sowing date to avoid coincidence of peak times
for insect vector flights with vulnerable early crop
growth (reviewed by Jones 2009).

• Increased temperatures in temperate regions,
which result in earlier appearance of spring aphids
(and hence earlier appearance of aphid-vectored
viruses). In Mediterranean-type, subtropical and
tropical regions, summer aphids may not survive
the warmer conditions, thus reducing incidence of
aphid-vectored viruses (Jones, 2009).

Changes in individual host-plant structure and
shifts in range that affect whole crop populations
result in significant alterations in microclimate,
pathogen dynamics, and multi-trophic interactions
(Pangga et al. 2011); these interactions have farreaching consequences. Range expansion has been
predicted for many pathogens, based on models
that incorporate changes in crop distribution and
requirements for pathogen survival and reproduction
(Savary et al. 2011).

• Increased temperatures and altered rainfall result
in more favorable conditions for whitefly population, which can lead to a wider distribution of
whitefly vectors (Morales and Jones 2004), and
thus whitefly-transmitted viruses.

Other interactions will also contribute to potential outcomes. Most economically important plant
viruses, for example, are vectored by insects (predominantly aphids, whiteflies, or thrips), mites,
nematodes, or soil fungi. Plant viruses are responsible for more emerging diseases (due to increasing
host numbers and/or expanded geographic ranges;
reviewed in Fargette et al. 2006) worldwide than
any other pathogen group (Anderson et al. 2004,
reviewed in Jones, 2009). International movement
of plant material that may be infected with virus(es)
or infested with viruliferous vectors is a key route
of human involvement in the emergence of virus
diseases (e.g., Jones 2009; Chellemi et al. 2011;
Navas-Castillo et al. 2011).

• Like insect pests, there is also an increased
potential for rapid changes in composition of
pathogen communities due to greater numbers of
reproductive cycles occurring under intensified
crop management. This can lead to more rapid
evolution of new races, which may compromise
crop resistance strategies and result in resistance
to currently used pesticides (Juroszek and von
Tiedemann 2011)
Livestock Pathogens
Climate change may indirectly affect animal production by altering the frequency, intensity, or distribution of animal pathogens and parasites. Climate
affects microbial density and distribution, the
distribution of vector-borne diseases, host resistance
to infections, food and water shortages, or foodborne diseases (Baylis and Githeko 2006; Gaughan
et al. 2009; Thornton et al. 2009). Earlier springs
and warmer winters may allow for greater proliferation and survivability of pathogens and parasites.
For example, bluetongue was recently reported in
Europe for the first time in 20 years (Baylis and
Githeko, 2006). Regional warming and changes
in rainfall distribution may lead to changes in the
spatial or temporal distributions of diseases sensitive
to moisture, such as anthrax, blackleg, hemorrhagic
septicemia, and vector-borne diseases (Baylis and

Climate change is also likely to affect the emergence
of virus diseases in new encounter scenarios when
vulnerable, newly introduced crops or weeds are
grown next to indigenous vegetation infected with
viruses the new crops had not been exposed to previously. Although such circumstances have been relatively little studied (Jones 2009; Navas-Castillo et al.
2011), it is well known that viruses with wide host
ranges adapt to new plant hosts better than viruses
with narrow host ranges (Jones 2009).
Additionally, many viruses and associated vectors
and some pathogens (see Asian soybean rust and
51

Chapter 4

Climate Change and Agriculture in the United States: Effects and Adaptation

Githeko, 2006). Climate change also may influence
the abundance and/or distribution of the competitors, predators, and parasites of vectors themselves
(Thornton et al. 2009). Hotter weather may increase
the incidence of ketosis, mastitis, and lameness in
dairy cows and enhance growth of mycotoxin-producing fungi, particularly if moisture conditions are
favorable (Gaughan et al. 2009). However, no consistent evidence exists that heat stress negatively affects
overall immune function in cattle, chickens, or pigs.

Conclusions
Climate and climate change affect agriculture
directly through the immediate effects of temperature, precipitation, and CO2. The growth and development of crops, rangelands, and livestock are also
influenced indirectly by climate change, through its
actions upon weeds, insects, and disease. These variables interact with one another to further influence
agricultural outcomes. The complexities of the cropclimate-environment interactions make projecting the
net outcome of climate change difficult. Agricultural
responses to climate change depend on the specific
environmental and agroecosystem conditions, in
combination with the characteristics of a given
agricultural product. Some of these complexities will
be further explored in the subsequent chapters, with
information specific to particular agricultural systems
found in Chapter 5 of this report.
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Climate Change Effects on
U.S. Agricultural Production
Aggregate Effects

of wastes; biological control of pests; provision of
the physical support for roads and buildings, as well
as cultural services, which include both general aesthetics and a sense of place (Dominati et al. 2010).
Healthy soils have characteristics that include the
appropriate levels of nutrients required for production of healthy plants, moderately high levels of
organic matter, a structure that has a good aggregation of primary soil particles and macro-porosity,
moderate pH levels, thickness sufficient to store
adequate water for plants, a healthy microbial community, and absence of toxicity.

Agriculture is a complex system linked closely to
climate through the direct effects of temperature, precipitation, solar radiation, and atmospheric composition on plant growth and yield, as well as livestock
production. The soil and water resources of agricultural landscapes are linked with the same environmental factors. As the effects of climate change on
soil, water, and environmental goods and services are
examined, it becomes apparent that aggregate effects
of climate transcend effects on individual agroecosystem components. For example, precipitation
affects the potential amount of water available, however the actual amount of available water depends
upon soil type, soil water holding capacity, and
infiltration rate, such that the aggregate effect is not
directly determined by precipitation amount. Actual
climate change effects will thus depend on the cumulative effects of climate change factors on resources
that are of key importance to agriculture, such as soil
and water. Many of these effects are described by the
following sections.

It may be possible to draw inferences about the
effects of climate change on agroecosystem services
from observations about soil erosion and herbicide
and nutrient movement from the edge of fields
into adjacent areas. Erosion is a primary source
for soil particles and agrochemicals transported
from agricultural fields to streams and other water
bodies. Under changing climate, some regions will
experience greater drying, while other areas will
have more intensive rainstorms or increased rate of
snow melt – each of these factors may increase soil
erosion. Movement of chemicals and soil material
will affect the quality of water and will be affected
by changes in the intensity of meteorological events.
As soil erosion changes under climate change, so
does the potential for associated offsite, non-point
source pollution. Riparian buffers and wetlands often
serve as sinks for pollutants moving from upland
fields (Hill 1996; Mayer et al. 2007; Vidon 2010),
thus making them important components in possible
conservation practices for climate change adaptation
in cases where offsite, non-point pollution is a
concern.

Agricultural Soil Resources
Soils provide ecosystem services that are necessary to society and the survival of life on the planet,
including our own species. The roles soils play
in delivering ecosystem services include nutrient
cycling and the delivery of nutrients needed by growing plants. Soils act as a water filter and reservoir,
purifying water as it passes through the soil substrate,
and oftentimes providing water storage for later plant
uptake. Soils also provide a structure for supporting
plants and animals. They regulate climate through
processes of carbon sequestration and uptake of other
greenhouse gases. They contribute to conservation of
ecosystem biodiversity and provide a direct source
of human resources such as important minerals, peat,
and clay (Dominati et al. 2010).

Soil Degradation and Soil Erosion
Several processes, both natural and anthropogenic,
act to degrade soils. These processes include erosion,
compaction, salinization, toxification, and net loss
of organic matter. Of these, soil erosion is the effect
most directly affected by climate change and also the
most pervasive. Soil erosion is a natural process and

A few of the many important ecosystem services
provided by soils include provision of food, wood,
fiber, and raw materials; flood mitigation; recycling
53

Chapter 5

The most direct effect
of climate change on
rainfall-driven erosion
is related to rainfall’s
erosive power.

Climate Change and Agriculture in the United States: Effects and Adaptation

greater impact on effects of rain-driven erosion than
plant canopy cover. Biological materials protect the
soil from raindrop splash and substantively increase
surface water flow roughness, which reduces flow
velocities and the ability of water to move sediment.
Conversely, increases in soil and air temperatures
will trend toward faster rates of residue decomposition via increased microbial activity – the higher the
temperature, the faster the microbes work. The rate
of microbial activity is moderated by the amount of
soil moisture, and, as is the case for all other organisms, beyond a critical temperature threshold the
microbes die. Climate change may affect biomass
production through changes in temperature and precipitation. Increased precipitation, for instance, could
increase biomass production because of the removal
of the water limitations on plant growth, which
may in turn increase the amount of leaf litter on the
ground and reduce effects of erosion.

occurs regardless of human activity; however, human
activities, including intensive agriculture, have
caused accelerated erosion across many regions of
the planet, including the United States (Montgomery
2007). Excessive erosion rates decrease soil productivity, increase loss of soil organic carbon and other
essential nutrients, and reduce soil fertility (Quine
and Zhang 2002; Cruse and Herndl 2009). The major
factors affecting soil erosion are: (1) erosive effects
of rainfall, irrigation, snowmelt, and wind; (2) plants,
cropping, and management; (3) soil erodibility; (4)
conservation practices; and (5) topography. Of these,
climate change will most likely have the greatest
effects on the first three, however strategies for adaptation to climate change effects generally are related
to conservation practices (Delgado et al. 2011).
Rainfall
The most direct effect of climate change on rainfalldriven erosion is related to rainfall’s erosive power
(Favis-Mortlock and Savabi 1996; Williams et al.
1996; Favis-Mortlock and Guerra 1999; Nearing
2001; Pruski and Nearing 2002a, 2002b). The power
or ability of a storm or series of precipitation events
to cause soil erosion, or rainfall erosivity, is highly
correlated with the interaction effect of storm energy
and maximum prolonged precipitation intensity
(Wischmeier 1959; Wischmeier and Smith 1965;
Nearing et al. 1990; Nearing et al. 2005). With regard
to erosivity, the dominant variable is rainfall intensity, which is the amount of rainfall reaching the soil
surface per unit time, rather than total rainfall amount
(Nearing et al. 2005). If both rainfall amount and
intensity were to change together in a statistically
representative manner, assuming temporally stationary relationships between amounts and intensities,
the predicted erosion rate would increase on the
order of 1.7% for every 1% increase in total rainfall
(Pruski and Nearing 2002b) .

Temperature changes also affect biomass production
levels and rates. Corn biomass production, for example, may increase with increasing temperature, particularly if the growing season is extended; however,
biomass may decrease due to temperature stresses
as temperatures become too high (Rosenzweig and
Hillel, 1998). Studies have also shown that even
in areas where the overall amount of precipitation
may remain constant or decrease, erosion will likely
still increase because of increased event intensities
(Pruski and Nearing 2002a; Zhang et al. 2012).
Irrigation
To date, no large-scale studies or reviews exist that
investigate the anticipated effects of climate change
on future irrigation erosion rates. Only limited data
have been published on irrigation-induced erosion
(Reckendorf 1995; Sojka et al. 2007), however,
existing data suggest that both sprinkler irrigation
and surface irrigation (particularly in furrows)
are susceptible to irrigation-induced erosion. No
generally recognized erosion problems are associated
with drip, sub-irrigated, or flood irrigation. Changes
in irrigation erosion under climate change will occur
as a function of the complex interactions between
the increasingly greater stresses being placed on
water resources, increased food demand, changes in
rainfall, and the ability to adopt improved irrigation
practices for greater water-use efficiency. Climatechange-related stresses may lead to improvements
in irrigation technology, including enhanced wateruse efficiency, which may work in concert with soil
conservation gains, a case in point being the use of
drip over furrow or sprinkler irrigation.

Effects of changing climate on plant biomass will
also affect rainfall-driven erosion. The mechanisms
by which climate change affects biomass, and by
which biomass changes affect runoff and erosion
are complex (Williams et al. 1996; Favis-Mortlock
and Guerra 1999; Pruski and Nearing 2002a). As an
example, increases of atmospheric CO2 concentrations increase plant production rates for some species, which could translate into increased soil surface
canopy cover and, more importantly, biological
ground cover (Rosenzweig and Hillel 1998). Biological material, which includes materials such as ground
cover and crop residue, comes in direct contact with
the soil surface, and therefore such materials have a

54

Climate Change and Agriculture in the United States: Effects and Adaptation

Chapter 5

cover associated with burns (Sankey et al. 2012).
There have been declining trends in near-surface
wind speed over the last several decades (Pryor et
al. 2009), and model projections indicate that these
trends of decreasing wind speed will continue in
the future (Segal et al. 2001). This may lead to a
decrease in evapotranspiration in cropping regions
and also reduce the potential for wind erosion.

Snow and Winter Processes
For parts of the Northern United States, including
4 million hectares of cropland in the northwestern
wheat region, soil erosion is linked to snowfall
amounts, snowmelt, and thawing soils (Van Klaveren
and McCool 2010). Snow-associated erosion rates
may be particularly high when snowmelt or rainfall
occurs on thawed soil overlying a frozen layer of
soil underneath (Zuzel et al. 1982; Schillinger 2001).
Recently thawed soil is highly erodible because of
the freezing effect on soil structure and aggregation,
which increases soil erodibility, but equally or more
importantly because of high moisture content and
low soil water suction (Van Klaveren and McCool
2010). Although some process-based and plot-scale
research has taken place, there is a general lack of
knowledge about the rates of soil erosion associated
with snowmelt or rain-on-thawing-soil erosion on a
regional or national basis. A potential effect of climate change is associated with a change from snowfall to rainfall. If decreased days of snowfall translate
correspondingly to increased days of rainfall, erosion
by storm runoff is likely to increase. The potential
trends of snow-induced erosion and the effects of
snow-melt on thawing soils have not been assessed.

Changing Agricultural Production and the
Effects on Soil Erosion
Agricultural producers, in response to climate
change, will change the types of crops planted and
crops management. Changes in production can have
effects on soil erosion that may be greater than other
effects of climate change. Exactly how such changes
occur will be a complex function of changing
precipitation and temperature regimes, atmospheric
CO2 concentrations, economics, and plant genetics,
among other factors.
Southworth et al. (2002a,b) used global circulation model output (from the U.K. Hadley Centre
HadCM2 model) with various crop models to evaluate potential changes in wheat, corn, and soybean
production in Indiana, Illinois, Ohio, Michigan,
and Wisconsin by the mid-21st century. The studies
projected significant changes in planting and harvest
dates, which certainly have the potential to influence erosion rates. Those results were then coupled
with economic modeling (Pfeifer and Habeck 2002;
Pfeifer et al. 2002) to create scenarios of producer
adaptation. Taking all of this information together,
O’Neal et al. (2005) conducted a study of climate
change effects on projected runoff and soil erosion in
the five States with changes in corn-soybean-wheat
management, which included projected changes in
the percentage of the three crops grown across the
region, biomass production, planting dates, tillage
dates, andharvest dates, as well as changes in temperature and precipitation patterns themselves. The
results of the simulations projected runoff increases
from 10% to 310% and soil loss increases from 33%
to 274% from 2040-2059 relative to 1990-1999
for 10 of the 11 sub-regions of the study area due
to reduction in projected corn biomass (and hence
reduced crop residue) production and a shift in crop
percentages toward soybeans, which are much more
erodible crops than either corn or wheat (Wischmeier
and Smith 1978). These projections are uncertain,
however they indicate the large potential magnitudes
of erosion rate changes that could occur with changes
in production.

Wind
Wind erosion rate is a function of the wind velocity,
soil moisture content, soil surface roughness, soil
structure, field length, and vegetation characteristics (Chepil and Woodruff 1954; Skidmore 1965;
Skidmore et al. 1970; Ravi et al. 2011). The primary
region of concern for wind erosion on U.S. croplands
stretches across the Great Plains, from Texas north
to Montana, North Dakota, and western Minnesota
(USDA 2010). Additional areas of concern include
the Northwestern United States (Washington and
Idaho) and scattered areas of the Intermountain West.
Areas of high wind erosion also occur on grazing
lands in the arid and semi-arid regions of the Western
United States. Munson et al. ( 2011) have suggested
that wind erosion will increase on grazing lands of
the Southwestern United States because of increased
aridity and associated reductions of vegetation cover.
Major changes of wind erosion rates driven by
climate change would likely be associated with local
or regional changes in vegetation and soil moisture,
however there are no published studies available
that estimate the potential increases in future wind
speeds.
Increased wind is also likely to increase wildfire
incidence, which in turn will increase wind and water
erosion rates due to the drastic reductions in ground
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the variability of slope gradient and length, and the
variability of soil and chemical properties of soil
across the landscape (Berry et al. 2003; Mueller et al.
2005; Schumacher et al. 2005; Pike et al. 2009; Luck
et al. 2010; Tomer 2010). Precision conservation
techniques may be particularly well adapted to application under the increased variability and rainfall
intensities associated with climate change. Among
the expected effects of climate change is greater
frequency of extreme precipitation events. Since soil
variability, variations in hydrology, and variability in
surface terrain affect erosion rates, extreme precipitation events will accentuate variation in erosion rates
across any given field, increasing the erosion rates at
given locations across the field where surface flows
will be spatially more concentrated.

Enhanced Atmospheric Carbon Dioxide

Conservation
tillage, crop residue
management, cover
crops, and management
of livestock grazing
intensities have the
potential to reduce much
or all of the acceleration
of soil erosion rates that
might occur under a
more intense rainfall
regime associated with
climate change.

Recent findings from open-top chamber and freeair research systems show that soil organic matter
(SOM) turnover appears to accelerate under elevated
CO2, and with adequate soil moisture and nutrients,
plant productivity is consistently increased (Peralta
and Wander 2008; Moran and Jastrow 2010; Cheng
et al. 2011). This suggests that accelerated SOM
turnover rates may have long-term implications for
soil’s productivity and C storage potential.
Adaptation
Future changes in the climatic drivers of soil erosion
and farmer management adaptations to a changing
climate (e.g., crop selection and dates of planting,
harvest, and tillage) have the potential to greatly
influence soil erosion rates, with a general trend in
the United States toward higher rates of erosion.
Agricultural production systems will change under
a changing climate, but if production systems are
implemented congruently with appropriate conservation management systems as they inevitably shift
in response to climate change, the effects of most
increased precipitation amounts and intensities on
soil erosion can be alleviated (Delgado et al. 2011;
Lal et al. 2011). The additional benefit of conservation management is the contribution to climate
change mitigation by sequestering atmospheric CO2
through increased organic matter in the soil and by
reducing emissions of nitrogen trace gases such as
N2O through improved rate, timing, and method of
fertilizer application (Delgado and Mosier 1996;
Eagle et al. 2010; Lal et al. 2011).

Agricultural Water Resources and
Irrigation
Changing climate conditions over the coming
decades are likely to significantly affect water
resources, with broad implications for the U.S. crop
sector. Rising temperatures and shifting precipitation
patterns will alter crop-water requirements, cropwater availability, crop productivity, and costs of
water access, resulting in differential effects across
the agricultural landscape. The resulting shift in crop
regime competitiveness, in turn, will drive changes
in cropland allocations and production systems.
Regional production effects will depend on climateinduced changes to hydrologic systems and on the
sensitivity of current cropping regimes to changes in
water requirements and water availability.
Dryland production (i.e., farming occurring in semiarid areas) may be particularly sensitive to shifting
climatic conditions, as changes in growing season
precipitation and soil water evaporation directly
affect soil-moisture reserves essential for dryland
crops. The effect of a warming climate on soilmoisture would vary regionally, depending on the
net effect of higher evaporative losses and changes in
precipitation. Increased precipitation variability may
also have important implications for dryland production. An increase in field runoff due to heightened
storm intensity would reduce the fraction of precipitation infiltrating into the crop root zone (SWCS,
2003).3 Coupled with changes in precipitation will be

Conservation tillage, crop residue management,
cover crops, and management of livestock grazing
intensities have the potential to reduce much or all
of the acceleration of soil erosion rates that might
occur under a more intense rainfall regime associated with climate change (Delgado et al. 2011). In
addition, these techniques in general enhance soil
quality by increasing SOM content and improving
soil structure (Karlen et al. 1994a, 1994b; Lal 1997;
Reicosky 1997; Weltz et al. 2003; Weltz et al. 2011),
both of which improve the water-holding capacity of
soils and hence could be key to adaptation for water
management during drought.
A newer method in the conservation toolbox is the
use of precision conservation, an approach that targets conservation practices to places on the landscape
where they will be most effective. Precision conservation takes into account the temporal variability
of weather events, the variability of surface flows,

3
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This report did not examine potential increases in flood risk
due to climate change, however increased crop losses and
yield declines due to excessive water are significant concerns
in low-lying areas that are subject to periodic flooding (DOI,
2011).
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an increase in the atmospheric moisture demand due
to the projected increases in temperature and higher
saturated vapor pressure, which in turn will reduce
the availability of water for crops (Hatfield et al.
2001). Areas prone to warmer and drier conditions
may see greater and more severe drought frequency,
increasing variability in annual dryland yield.

Agricultural Water Requirements
Climate change can alter regional water requirements for crop production through two pathways:
crop-level changes in water demand (i.e., biophysical responses) and land-use changes from producer
adjustments in terms of which and how many crops
to grow, as well as how best to grow them (i.e., adaptation responses).

Under irrigated production, natural soil-moisture
deficits may be replenished during the growing
season through applied irrigation. In arid areas of the
Western United States, where soil-moisture reserves
are generally low and crop-water demands high,
irrigation provides a significant share of crop-water
requirements in most years. In more humid areas of
the United States, irrigation supplements available
soil-moisture reserves, particularly during periods of
below-average rainfall. While irrigation reduces the
risk from variable seasonal rainfall associated with
dryland production, irrigators may be at greater risk
from the cost and availability of purchased water
supplies.

The potential interactions of a changing climate on
crop-level water requirements are highly complex.
As noted earlier, carbon enrichment in isolation
increases crop water-use efficiency (i.e., yield per
unit of evapotranspiration (ET) through both reduced
transpiration and increased photosynthetic efficiency.
That effect may be offset, however, by the rising
temperatures associated with increased carbon concentrations, which increase plant transpiration and
associated water loss. Furthermore, research suggests that the magnitude of the CO2-related reduction
in ET may also be tied to temperature, where CO2
enrichment effect declines as temperature increases
(CCSP 2008).

Climate change effects on the intensification of the
hydrologic cycle will have consequences for agricultural production and soil conservation across many
U.S. regions. Common to most regions are projected
increases in precipitation amounts, along with
increased intensity and frequency of extreme events.
Drought frequency and severity will increase, rainfree periods will lengthen, and individual precipitation events will become more erratic and intense,
leading to more runoff.

Potential changes in irrigation water demand will
depend on how climate-induced adjustments in
crop-water requirements compare with adjusted
precipitation levels in that region. Where crop
ET rises relative to the change in growing season
precipitation, irrigation requirements for that crop
will increase. However, an increase in growingseason precipitation above crop-water demand may
reduce crop-level irrigation requirements, although
soil-moisture levels would depend on the timing of
rainfall. How changes in crop-level water demand
aggregate up to regional changes in irrigation
demand will depend on shifts in land use and crop
allocations in response to climate change.

The U.S. Irrigated Sector Under a Changing
Climate
Climate change has important implications for the
extent and distribution of future U.S. irrigated crop
production. Irrigated lands in the United State are
located in many different climatic regimes and utilize
a range of water resources (e.g., groundwater and
surface water). Regional adjustments in irrigated
acreage will depend on changes to regional water
balances under a warming climate and the resulting
effects on the viability and competitiveness of irrigated production. In this report, we do not consider
regional shifts in the proportion of acreage irrigated
and briefly discuss three important determinants of
acreage response to irrigation, including: (1) agricultural water requirements; (2) water-supply availability; and (3) relative returns to irrigated and dryland
production.

Water-Supply Availability
Nationally, 58% of irrigation water withdrawals are
from surface water (Kenny et al. 2009). Climate
change is likely to have an effect on surface-water
resources, with temperature and precipitation shifts
expected to alter the volume and timing of storm and
snowmelt runoff to surface-water bodies (Nayak et
al. 2010). Annual streamflow may increase in the
Northern and Eastern United States, where annual
precipitation is projected to increase, while precipitation declines for the Southern Mountain and
Southern Plains regions will likely result in reduced
streamflow and a shift of seasonal flow volumes to
the wetter winter months in this irrigation-dominated
area (DOI, 2011).
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Snowpack is an especially important factor in the
magnitude and timing of seasonal runoff and stored
water reserves used for irrigated crop production.
This trend is a particular concern in the West, where
much of the surface-water runoff comes from mountain snowmelt. Higher temperatures will restrict the
snow storage season, resulting in reduced snow accumulations and earlier spring meltoff (Knowles et al.
2006; Nayak et al. 2010). Stored water reserves are
projected to decline in many river basins, especially
in critical summer growing months when crop-water
demands are greatest (DOI, 2011).

Where climate change
results in increased
water-supply scarcity, the
cost of irrigation is likely
to increase.

improved surface-water supplies (DOI 2011). Heavy
reliance on ground water from the Ogallala Aquifer
may shield the Plain States’ irrigated sector from
annual and seasonal water availability shifts. Ground
water pumping at greater-than-natural recharge rates
has caused a significant decline in water-table levels
over much of the region, and the likely increase in
water demands due to climate change may intensify
pressures on ground water resources. Water supplies
in the Southern Plains may be further constrained
over the long term, while shifting precipitation patterns may increase soil moisture and surface-water
availability in the Northern Plains (DOI 2011; Ojima
et al. 1999). In the more humid Eastern United
States, projected precipitation increases may sustain
surface and ground water supplies across the Central
and Northern regions. Potentially drier conditions
in the Delta and Southeast regions, however, could
tighten water supplies. Future irrigation expansion
may depend on potential shifts in drought event
frequency and severity.

The effect of precipitation changes on surface-water
flows may be offset or compounded by temperatureinduced shifts in potential ET (PET). Higher temperatures are projected to increase both evaporative
losses from land and water surfaces and transpiration losses from non-crop land cover, potentially
lessening annual runoff and streamflow for a given
precipitation regime.4
Ground water is a primary water source for irrigation in the Plains States and an important irrigation
water supply for the Eastern United States, as well
as areas of the Mountain and Pacific West regions,
however, relatively less research attention has
focused on climate effects on ground water systems.
In the Southwest, one study focusing on Arizona’s
San Pedro Basin projected substantial decreases on
ground water recharge based on multiple downscaled
climate models and scenarios (Serrat-Capdevila et
al. 2007). While ground water aquifers are generally
less influenced in the short term by weather patterns,
changing climate effects on precipitation, streamflow,
and soil-water evaporation can affect ground water
systems over time through effects on ground water
recharge (Dettinger and Earman 2007).

Returns to Crop Production
Changing climate patterns may alter returns to
irrigated and dryland production through differential
adjustments in production costs and crop yields.
Where precipitation is generally adequate to support
dryland production in most years, a shift in relative
returns may have more influence on irrigated acreage
response than adjustments in regional water supplies.
In general, production costs for irrigated crop
enterprises are substantially higher than dryland
production costs, reflecting both the additional costs
of irrigation water access and distribution and the
more intensive use of inputs in irrigated production.
Where climate change results in increased watersupply scarcity, the cost of irrigation is likely to
increase. Regional effects on irrigation returns will
vary depending on climate interactions with surface
and ground water systems and the cost of applied
water in irrigated production. Energy cost adjustments attributable to climate change would also have
a large effect on irrigation returns, reflecting the
costs of water pumping and pressurization as well as
increased energy needs associated with operations
(e.g., harvesting) and inputs (e.g., petroleum-based
nitrogen fertilizer) in irrigated production.5

In arid areas of the Western United States, regional
water supply changes will affect irrigated acreage
response. Agriculture may become increasingly water
constrained across the central and southern portions of the Mountain and Pacific West regions (DOI
2011), where reduced mountain snowmelt will affect
the stored surface-water reserves that provide much
of the region’s irrigation supply. Projected precipitation increases in the northern Rockies and Pacific
Northwest, on the other hand, could experience

4

Other factors, including precipitation, radiation, cloud cover,
humidity, wind velocity, and atmospheric carbon, affect ET
rates, and our understanding of how factors would interact
under a changing climate is incomplete.

5
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Climate change could influence energy costs through
adjustments in aggregate energy demand, changes in
hydropower generation caused by altered flow regimes, and
climate mitigation policies to reduce carbon emissions and
expand renewable energy sources.
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of soil conservation programs that could be refined
to promote additional adaptive actions to climate
change effects include:

Changes in relative crop returns may also reflect the
sensitivity of dryland and irrigated yields to climatic
factors. The projected change in dryland yields
relative to a change in irrigated yields is an indicator
of the relative competitiveness of irrigation under
alternative climate scenarios and potential directional
shifts in irrigated acreage. Dryland production may
continue in Northern regions, for example, where
projected precipitation increases may supplement
soil-moisture reserves. In Southern regions facing a
potential decline in growing season soil moisture, a
relative decline in dryland yields would suggest the
potential for irrigation expansion. Actual irrigated
acreage response, however, will depend on the
availability of regional water supplies to support
irrigation.

• The Environmental Quality Incentives Program
(EQIP), a cost-sharing assistance program aimed
at promoting production and environmental
quality;
• The Conservation Reserve Program (CRP), which
consists of annual rental payments and cost-share
assistance to establish long-term, resource-conserving ground covers;
• The Conservation Stewardship Program (CSP),
which rewards producers for practices and
systems that protect the environment and natural
resources; and

Farm-level adaptation to climate change can help
mitigate potential costs to irrigated agriculture,
particularly for areas of the U.S. West facing a
potential contraction of irrigated acreage due to
growing water scarcity (Adams and Peck 2008;
Howitt et al. 2010). Cropland allocations are likely to
favor higher valued or less water-intensive irrigated
crops. Improved irrigation technologies can improve
water conveyance and field application efficiency,
enhancing productivity in the face of limited water
supplies. Expanded ground water withdrawals
may offset surface-water shortfalls in deficit years.
Changes in water resource infrastructure and
institutions may facilitate the optimal allocation of
limited water supplies under a warming climate.
Potential infrastructure improvements include
improved water-supply forecasting, more efficient
water-storage and delivery operations, expanded
use of water market transfers, and water-supply
enhancement through reservoir storage, aquifer
storage and recovery, and wastewater reuse.

• Conservation Innovation Grants (CIG) to stimulate the development and adoption of innovative
conservation approaches and technologies.

Ecosystem Services
Agricultural systems offer a range of potential ecosystem services, including pollination, biological pest
control, nutrient cycling, hydrological cycling, greenhouse gas and carbon sequestration, and biodiversity.
More than simply providing services, agricultural
systems also utilize the available ecosystem services
and processes for their function, which increases
system complexity. Hatfield (2006) showed the need
to examine agriculture from the viewpoint of multifunctionality of outcomes rather than a singular focus
on productivity of feed, forage, fruit, or fiber. Power
(2010) states that agricultural ecosystems provide
humans more than just food, forage, bioenergy, and
pharmaceuticals, these ecosystems are also essential
to human well-being. In addition to the landscape,
the range of agroecosystem goods and services is
also expressed at the watershed and airshed (similar
to a watershed, an airshed encapsulates the ways in
which air flows across the landscape) scales. Expressions of ecosystem health at atmosphere and water
endpoints can be represented by water quality, air
quality, biodiversity, and recreation.

Adaptation
Adoption and implementation of soil conservation
practices by producers and land managers depend
on attitudes about and participation in the stewardship of soil and water resources. Today’s agricultural
economy often forces farmers to make decisions that
may be necessary for survival of their business, but
are less protective of soil and water resources. Additionally, a substantial fraction of croplands are now
leased on short-term contracts, such that operators
lack incentives for investments in soil conservation.
Increasing technical assistance, financial incentives,
education, and awareness of the effects of climate
change may encourage more farmers to adopt soilconserving behaviors that mitigate the effects of
intensified climate regime on soil erosion. Examples

While the benefit of agroecosystem services is clear,
the biological effect and interactions with social
values are not easily expressed in monetary terms
(Heal 2000). Further, lacking direct studies that relate
environmental goods and services to climate change
scenarios, assessment of the effects of climate change
is not currently possible. Fischlin et al. (2007)
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provide an overview of agroecosystem goods and
services and potential linkages to climate change,
concluding that the ability of ecosystems to function within the bounds of their ability to adapt will
be exceeded by the combination of climate change
coupled with disturbances in the ecosystem (e.g.,
flooding, droughts, insects, and changes in land use).
The linkage of agricultural systems within the ecosystem context under the pressure of climate change
will require increased emphasis on quantifying the
role of agriculture as a component of the ecosystem
and the feedbacks among the components.

Changes in precipitation
event intensity are
already occurring and are
expected to continue to
increase throughout the
remainder of this century.

same time period (Bartomeus et al. 2011). Over
the past 130 years, the adult activity period of 10
bee species from northeastern North America has
advanced by a mean of 10.4 ±1.3 days. Most of
this advance has taken place since 1970, paralleling
global temperature increases. When compared to the
shifts in plant phenology over this time period, the
changes in phenological rates are not distinguishable
from those of bees, suggesting that bee emergence is
keeping pace with shifts in host-plant flowering, at
least among the generalist species investigated in this
study. However, the case could be different for bees
that specialize on particular plants, and plants that
specialize on particular bees; such taxa have not yet
been investigated.

Potential increases in soil erosion occurring with
increases in rainfall intensity show that runoff and
sediment movement from agricultural landscapes
will likewise increase (Nearing 2001). Changes in
precipitation event intensity are already occurring
and are expected to continue to increase throughout the remainder of this century (Kunkel et al.
1999). Increases in surface runoff lead to potential
increases in sediment transport of herbicides and
phosphorus from the surface. Shipitalo and Owens
(2006) showed that extreme events were responsible
for a large amount of the herbicide loss from fields.
Extreme events will play a large role in affecting
the linkage between agricultural systems and offsite
effects caused by the potential effect of increased
precipitation.

In addition to shifts in bee phenology, climate
change may also affect the daily activity patterns of
bees. Potential future effects of climate warming on
crop pollination services were evaluated utilizing
data from 18 watermelon farms in New Jersey and
Pennsylvania between 2005 and 2010 (Rader 2012,
personal communication). To assess this interaction,
pollen deposition and daily activity patterns of seven
dominant pollinator taxa were evaluated as a function of temperature and time of day. Future plantpollinator interactions were then simulated based
on two Intergovernmental Panel on Climate Change
(IPCC) climate change scenarios (one assuming low
greenhouse gas (GHG) emissions, the other assuming
high emissions) at two future time periods (2050 and
2100) to determine the effect of rising temperatures
on pollinator activity patterns and subsequently on
crop pollination services. Under current conditions,
pollinators differ in their activity patterns at varying
temperatures within a day. Model predictions suggest
that under future, warmer climate scenarios, five of
the seven taxa should provide increased pollination
services. Conversely, the honeybee, which is the
dominant crop pollinator worldwide, and one native
bee species, are predicted to provide less pollination
under projected future warmer conditions. The differential responses among bee species to rising temperatures should help stabilize pollination services,
as the decline in services by some taxa is buffered
by the increase in others. It is important to note that
native pollinator species provide this buffering effect
and that the study system where the work was done
has high levels of crop pollination (about 60%) from
native bees. In other, more intensive agricultural systems where native bees are absent, the honey bee is
the primary crop pollinator. The results of this study
suggest that in such systems, pollination will decline
as the climate warms.

Pollinators
Ecosystem services reliant on biological interactions
may be particularly vulnerable to climate change if
the interacting species respond differently to environmental change (Tylianakis et al. 2008; Hegland et
al. 2009). Crop pollination is an important biologically mediated service, because 75% of the leading
global food crops are pollinated by animals (Klein
et al. 2007). The phenology of many ecological
processes is modulated by temperature, making them
potentially sensitive to climate change. Mutualistic
interactions such as pollination may be especially
vulnerable due to the potential for phenological
mismatching (i.e., asynchrony in its activity period)
if different taxa do not respond similarly to temperature changes (Root et al. 2003). In particular, if
pollinators and flowering plants respond differently
to warming temperatures, this could result in phenological mismatches with negative outcomes for both
groups of organisms.
An analysis was conducted on climate-associated
shifts in the phenology of wild bees, the most
important pollinators worldwide, and compared to
published studies of bee-pollinated plants over the
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will determine the efficacy of adaptation practices
and the potential change of plant or livestock
distribution as climate change occurs. The following
sections will detail responses of select production
systems to climate variables.

Adaptation
Ecosystem services represent the interaction among
agricultural systems across the landscape scale
and are interlinked with time. Effective adaptation
strategies will have to account for these interactions,
modifying the various components of the agricultural
system to change their response to climate stressors
so as to ensure the multifunctionality of the various
endpoints. As an example, development of habitat
conducive to the survival of pollinators would provide an adaptation strategy for this system that would
allow it to better cope with climate change.

Corn and Soybean
During 2011, 91.9 million acres of corn and 75.0
million acres of soybean were planted in the United
States (www.nass.usda.gov). These two crops are
often grown in rotation, with the major production
region of both crops concentrated in the Midwest.
Iowa and Illinois account for approximately onethird of the U.S. corn crop, and more than 80%
of soybean acreage is concentrated in the upper
Midwest. According to the USDA Economic
Research Service, corn grain typically accounts for
more than 10% of U.S. agricultural exports, and the
value of soybean oilseed exports currently exceeds
$20 billion.6 Thus, understanding the implications of
global environmental change on current and future
corn and soybean production has profound economic
implications for the United States and the world.

U.S. Agricultural Production
The effects of climate change on plants and
livestock are critical to the future of efficient and
profitable agricultural production. Changes in
CO2, temperature, precipitation, and evaporative
demand directly influence plants and animals.
Production systems will also be altered through the
effects of climate change on insects, weeds, and
diseases. The direct effects of climate change have
similarities, such as rising temperatures causing
rapid development, increased water use, and altered
productivity. The end results are different, however,
because each crop and livestock type has specific
thresholds (see Table 5.1 for examples) in response
to each of these variables. These specific responses

Temperature Effects
For both corn and soybean, effects of rising temperature depend upon current mean temperatures
6

For more information, see http://www.ers.usda.gov.

Table 5.1. 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, for economically important crops. The optimum temperatures for vegetative production, reproductive (grain) yield, and failure point temperatures represent mean temperatures from studies where diurnal
temperature range was up to 10°C.

Base
Temp Veg

Opt
Temp Veg

Base
Temp
Repro

Opt
Temp
Repro

Corn

81

341

81

341

Sorghum

816

3416

816

3117

Crop

Bean

Opt Temp
Range
Veg Prod

26-3418
23

28

Cotton

1420

Peanut

1024

Rice

Opt Temp
Range
Reprod Yield

Failure
Temp
Reprod Yield

18-222

353

2517,19

3517

23-24

28,29

3228

3720

1420

28-3020

3421

25-2622

3523

812

3613

812

3312

3314

23-2613,15

35-3613

Soybean

74

304

65

265

25-376

22-246

397

Wheat

08

268

18

268

20-309

1510

3411

Sources: 1Kiniry and Bonhomme (1991), Badu-Apraku et al. (1983); 2Muchow et al. (1990); 3Herrero and Johnson (1980); 4Hesketh
et al. (1973); 5Boote et al. (1998); 6Boote et al. (1997); 7Boote et al. (2005); 8Hodges and Ritchie (1991); 9Kobza and Edwards (1987);
10
Chowdury and Wardlaw (1978); 11Tashiro and Wardlaw (1990); 12Alocilja and Ritchie (1991); 13Baker et al. (1995); 14Matsushima et al.
(1964); 15Horie et al. (2000); 16Alagarswamy and Ritchie (1991); 17Prasad et al. (2006a); 18Maiti (1996); 19Downs (1972); 20K. R. Reddy et
al. (1999, 2005); 21V. R. Reddy et al. (1995); 22K. R. Reddy et al. (2005); 23K. R. Reddy et al. (1992a, 1992b); 24Ong (1986); 25Bolhuis and
deGroot (1959); 26Prasad et al. (2003); 27Williams et al. (1975); 28Prasad et al. (2002); 29Laing et al. (1984).

61

Chapter 5

Climate Change and Agriculture in the United States: Effects and Adaptation

during critical reproductive growth phases (Table
5.1 contains cardinal and optimal temperatures for
growth and yield). A rise in temperature of 0.8 °C
over the next 30 years in the Corn Belt is estimated
to decrease corn yields by 2% to 3%, assuming
no interacting effects from soil moisture deficits
(Hatfield et al. 2011). This trend is largely based on
observations of geographic variation in maximum
corn yields, so is likely an underestimate because it
does not consider the interaction of temperature and
water availability, nor does it incorporate potential
effects of increasing temperature on photosynthesis,
respiration, or reproductive parameters (Hatfield et
al. 2011).

to 585 ppm), averaging 15-16% higher in different
years of the experiment (Morgan 2005). Some key
mechanistic responses of these crops to elevated CO2
have been learned from the SoyFACE experiment
(Leakey et al. 2009a). First, there is the potential for
elevated CO2 to indirectly enhance C4 photosynthesis, growth, and yield by delaying and ameliorating
drought stress (Leakey 2009a). Elevated CO2 reduces
stomatal conductance in both C3 and C4 species
and has the potential to reduce soil-water use rates,
leading to improved use of soil moisture (Leakey et
al. 2006). Second, in addition to increased photosynthetic rates, soybeans have increased respiration
rates at elevated CO2 (Leakey et al. 2009a). From a
productivity standpoint, increased respiration likely
supports enhanced products from photosynthesis
ranging from leaves to sink tissues, driving increased
plant growth and seed yield at elevated CO2 (Ainsworth et al. 2006; Leakey et al. 2009b). Third, the
degree of stimulation of soybean growth by elevated
CO2 depends upon other environmental conditions,
namely temperature and soil-moisture status (Bernacchi et al. 2006).

Lobell and Field (2007) estimate an 8.3% decrease in
corn yield per each 1°C increase in average growing
season temperature. For soybean, the mean growingseason temperature in the upper Midwest is approximately 22.5°C, so a 0.8°C increase in temperature
may increase yields (Hatfield et al. 2011), but this
conclusion is not supported by recent historical
analysis (e.g., Hatfield et al. 2011). For the Southern United States, growing-season temperatures are
higher, such that midcentury warming of 0.8°C is
estimated to decrease yields by approximately 2.4%
(Hatfield et al. 2011). This estimate is greater than
the projected value based on extrapolating the global
historical temperature/yield relationship, which
predicts approximately a 1.3% decrease in soybean
yield per 1°C increase in temperature (Lobell and
Field 2007). One limitation of using historical relationships to project future crop performance is that
such relationships cannot account for steady genetic
improvements in yield potential over time.

Adaptation
Over the past 30 years, both corn and soybean have
been planted increasingly earlier in the spring (Sacks
and Kucharik 2011). Across the United States,
corn planting dates have advanced by 10 days and
soybean by 12 days from 1981 to 2005. This earlier
planting has been accompanied by a longer growing
season, especially for corn. Trends in early planting
coupled with the shift to longer season cultivars have
together contributed to the yield increase observed
over the past three decades (Bruns and Abbas 2006;
Kucharik 2006; Sacks and Kucharik 2011). Simulations of corn yield potential predicted a 2-Megagramper-hectare (Mg ha-1) increase for a 7-day longer
maturity (119-day versus a 112-day) hybrid (Yang
et al. 2006). However, the trend in earlier planting is
not necessarily related to wide-ranging springtime
warming, which only occurred over a small portion
of the U.S. Midwest from 1981 to 2005, but rather
to the development of genotypes tolerant of suboptimal early season temperatures, planting equipment
improvements, and adoption of conservation tillage
(Kucharik 2006). Reduced tillage practices and
advanced equipment capable of completing several tasks in one pass lessen the time and resources
needed to prepare soils for spring planting (Kucharik
2006).

Enhanced Atmospheric Carbon Dioxide
The physiological basis for corn and soybean
response to rising CO2 is fundamentally different
(Leakey et al. 2009a). As a C4 plant, corn photosynthesis is saturated at current levels of CO2, so
increasing concentrations of CO2 over this century
are unlikely to stimulate photosynthetic gain, except
during times of drought (Leakey 2009). Conversely,
soybean is a C3 plant, and increasing atmospheric
CO2 increases intercellular CO2 concentrations,
which leads to an increased rate of photosynthesis and a lower respiration rate, resulting in a net
increase of photosynthesis and growth (Bernacchi et
al. 2006).
Across three growing seasons and two contrasting nitrogen (N) treatments, corn yield was not
significantly increased by growth at elevated CO2
(Leakey et al. 2004; Leakey et al. 2006; Markelz
et al. 2011). However, soybean yields were significantly increased by growth at elevated CO2 (550

Recent analyses of historical yield data and growingseason temperatures indicate a negative relationship,
meaning that yields of both corn and soybean are
depressed during warmer years (Lobell and Field
2007; Kucharik and Serbin 2008). A trend toward
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the same conditions also increased brown spot severity (Eastburn et al. 2010). Hatfield et al. (2011) predicted that with adequate water, corn in the Midwest
would see a net yield response of -1.5% in 30 years
due to temperature changes alone. However, corn
production in the South would be more negatively
affected by future climate because corn is closer to
its optimal temperature in that region, and temperature increases would be expected to reduce yields
more profoundly (Hatfield et al. 2011). Midwestern
soybean was projected to show an increase in seed
yield of 9.1% with the climate projected for 30 years
from now; however, this again assumes sufficient
water availability (Hatfield et al. 2011). In the South,
soybean yields are projected to decrease as the negative effects of higher temperature will outweigh the
benefits of rising CO2 (Hatfield et al. 2011). A major
limitation of these projections is a paucity of experimental data to validate the conclusions.

cooler U.S. growing-season temperatures predominated from 1980 to 2008, which likely contributed to
yield gains of both corn and soybean over that period
(Lobell and Asner 2003). Globally, the United States
appears to be an anomaly, as many other countries
world-wide have shown a clear warming trend during
the growing season (Lobell et al. 2011). Therefore,
although recent climate trends have had only a small
effect on corn and soybean yields in the United
States, climate trends have reduced corn yields over
the past 30 years (Lobell et al. 2011).
Another favorable trend over the past 90 years is that
crop-growing seasons have become wetter in parts
of the Midwest (Illinois and Indiana), and droughts
have become more localized over that same time
(Mishra and Cherkauer 2010). From 1980 to 2007,
soybean and corn yields were well correlated to
meteorological drought during grain filling periods
and to daily maximum air temperature (Mishra
and Cherkauer 2010). Thus, it is likely that some
of the negative effect of warming on yields has
been counter-balanced by increases in precipitation
(Kucharik and Serbin 2008). A limitation of these
historical relationships is that even within relatively
small regions, such as the State of Wisconsin, there
is significant spatial variability of climate trends
(Kucharik and Serbin 2008). Additionally, it is often
difficult to separate the effects of increasing temperature from effects of moisture stress, as the two are
intrinsically linked.

Rice

U.S. rice production,
centered in the Mississippi
Delta region, currently
occupies approximately
3 million acres, with the
United States being the
world’s fourth largest
rice exporter.

Rice is widely acknowledged as a significant source
of food for roughly 2 billion people, principally in
Asia. U.S. rice production, centered in the Mississippi
Delta region, currently occupies approximately
3 million acres, with the United States being the
world’s fourth largest rice exporter (Livezey et al.
2004). At present, it is estimated that to keep pace
with projected population increases, rice production
must increase globally by approximately 1%
annually (Rosegrant et al. 1995). Although dramatic
yield increases were observed after the successful
introduction of short-statured (semi-dwarf) rice
varieties in the 1980s, recent trends indicate that U.S.
rice yields have, in fact, stabilized (Figure 5.1). The
gap between current rice production levels and future
needs represents a growing challenge for agronomists
and plant breeders.

The changes in climate over the past century have
been driven by changes in the atmosphere, notably
an increase in atmospheric CO2 and a variable concentration of tropospheric ozone (Chapter 3). Over
the past 50 years, atmospheric CO2 has increased by
~73 ppm, which is estimated to have increased corn
yields by 9% and soybean yields by 15% in dry years
(McGrath and Lobell 2011). Other estimates of the
CO2 fertilization effect over the past 50 years in both
wet and dry years range from 0-13% for corn and
3% to 17% for soybean (reviewed by McGrath and
Lobell 2011).

Fig. 5.1. Recent trends in rice productivity in the United States since
1997. Source: www.nass.usda.gov.

Adapting Corn and Soybean Production to Future
Growing Conditions
Understanding the interactions of direct and indirect
climate change effects on corn and soybean production in the United States is a challenge. Regional
projections for future temperature and drought stress
vary, as do incidences of weeds, pests, and pathogens
(Luck et al. 2011). How these stresses combine to
affect productivity can be complex; for example,
elevated CO2 alone or in combination with elevated
ozone significantly reduced downy mildew disease
severity by 39% to 66% in Midwestern soybean, but
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Clearly, in addressing this challenge, the climate
change context will also have to be considered. Specifically, how rising atmospheric CO2 concentrations,
changing temperature, and water availability might
alter future rice production. Accurate projections
regarding the effect of such changes are essential in
determining not only rice production but, because
of the importance of rice as a basic caloric source,
global food security. Overall, the challenge for rice
production in the United States is twofold: increasing
production, while facing a suite of direct and indirect
stressors associated with climate change.

Tarpley 2009). Initial investigations in outdoor, sunlit
chambers indicated that higher nighttime relative
to daytime temperatures could reduce seed set and
grain yield (Ziska and Manalo 1996). Long-term
trends in minimum temperature suggest that such an
effect may already be occurring in situ for production
areas in China (Peng et al. 2004) and that increasing
nighttime temperatures may be strongly associated
with declining rice yields and rice quality (Welch
et al. 2010). Reduced grain size and increased grain
chalkiness have been associated with high nighttime
temperatures; this results in lower grain-milling
yields and reduced crop value (Cooper et al. 2008).

Temperature Effects
Temperatures below 20°C or above 35°C at flowering generally result in increases of floral or spikelet sterility (Satake and Hayase 1970; Satake and
Yoshida 1976; Satake 1995) due to lack of anther
dehiscence (i.e., failure of pollen to form normally
and be released). Reproductive processes, which
occur within 1 to 3 hours after anthesis (i.e., dehiscence of the anther, shedding of pollen, germination
of pollen grains on stigma, and elongation of pollen
tubes), are disrupted by daytime air temperatures
exceeding 33°C (Satake and Yoshida 1976). Since
anthesis occurs in most rice cultivars between about
9 and 11 a.m., exceeding such air temperatures may
become more prevalent in the future and affect rice
grain yields. Cultivars that shed their pollen earlier in
the day would avoid exposure to high temperature.

Enhanced Atmospheric Carbon Dioxide
Rice, like most crop species with the C3 photosynthetic pathway, has been shown in a number of
studies to respond to increasing levels of atmospheric
CO2 (e.g., Baker et al. 1992). However, a number
of contrasting spatial and temporal changes in rice
development and yield variations in response to
rising CO2 levels have also been reported (Kim et
al. 1996; Moya et al. 1998; Kim et al. 2003). Of
particular importance may be additional information
regarding intra-specific variation among rice cultivars as well as quantification of the yield response
to increasing CO2 in conjunction with other environmental factors likely to change (e.g., temperature)
(Ziska and Bunce 2007).
Changing Water Availability
Although rice is grown in a number of different
geographic environments, irrigated, or paddy, rice
accounts for the majority of global production,
including that occurring in the United States. Without
adequate access to water, rice yields decline to less
than one-third of that of irrigated production. Additionally, in hot dry areas (e.g., California), irrigation
is needed to maintain sufficient evaporative cooling
to avoid floral sterility.

Tian et al. (2010) observed in rice that a combination of high temperatures (>35°C), coupled with high
humidity and low wind speed, caused the panicle
temperatures to be as much as 4°C higher than air
temperature, creating a situation inducing floret sterility. Some rice-growing regions could compensate
for these losses; a warmer environment could support
northward expansion of growing regions for japonica
varieties. With yield currently limited by cold temperatures, warmer temperatures have the potential to
generate greater yields in these areas. The majority of
global rice production, however, is located in tropical
and semi-tropical regions that would be negatively
affected by higher projected temperatures, which will
increase sterility and decrease yields in these areas
(Prasad et al. 2006). Emerging evidence has shown
that there are differences among rice cultivars for
flowering time during the day (Sheehy et al. 2005).
Shah et al. (2011) find that flowering at cooler times
of the day would be beneficial to rice grown in
warm environments and might become a phenotypic
marker for high-temperature tolerance.

Although the total area planted in rice is roughly
equivalent between irrigated and non-irrigated
fields, irrigated rice accounts for 75% of the total
rice production (Bouman et al. 2007). Much of the
surface runoff used in irrigation is derived from snow
and ice melt from mountain sources. These sources
may be particularly vulnerable to warmer and drier
conditions (IPCC 2007b; Immerzeel et al. 2010).
Ground water supplies from aquifers are also likely
to be affected in arid regions, due in part to declining water tables (overdrafts) and increasing pumping
costs. In the United States, more than 80% of the rice
crop is grown in the Mississippi River alluvial plain.
The most intense rice production occurs in the Grand
Prairie region of the Mississippi River Delta, where
irrigation water is primarily derived from the alluvial

Additionally, increases in nighttime temperature
minimums have been shown to reduce rice yields
through increased plant respiration (Mohammed and
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aquifer (ASWCC 1997). However, the alluvial aquifer is not expected to sustain current extraction rates
beyond 2015 due to ground water overdraft (Scott et
al. 1998; U.S. Corps of Army Engineers 2000).

Extreme Weather Events
Because of mechanization, large areas of rice and
other cereals are grown in genetically uniform,
mono-cropping systems. Such systems are capable
of producing large quantities of grain – if weather
is stable. However, because the number of extreme
climatic events is likely to increase in the future, the
lack of genetic diversity in such cropping systems
makes them biologically more vulnerable to such
occurrences (Roberts 2008).

Increased pumping costs and declining water levels
in the alluvial aquifer have caused some farmers
to install irrigation wells in the Sparta-Memphis
aquifer that underlies the alluvial aquifer. Currently, about 30 new agricultural irrigation wells
per year are being drilled into this aquifer (Charlier
2002). This is of concern since the Sparta-Memphis
aquifer is the source of drinking water for more than
350,000 people, and it has much less capacity to
sustain heavy agricultural pumping rates (ASWCC
1997). Thus, one of the consequences of intense rice
production using current, water-intensive production
practices is the potential for ground water depletion
and reduced agricultural sustainability over the long
term. In fact, four Arkansas counties, accounting
for 120,000 hectares of rice production, have been
declared critical ground water areas by the Arkansas
Natural Resource Commission and may be in jeopardy of losing access to water needed for irrigation
(Young and Sweeney 2007).

Insects and Diseases
There is a dearth of assessments regarding the vulnerability of rice production to climate change and
pest biology. This may be due, in part, to distinguishing between pest management and climate. For
example, overreliance on pesticide applications, the
subsequent selection of pesticide-resistant insects,
weeds, and diseases, resulting in increased pest pressure may be of more concern than would be the case
under gradual climate changes (Heong et al. 1995).
Global warming will certainly affect insect fecundity, by changing synchronization of growth stages
and growth requirements between pest and host; for
example, a plant’s leaves must be at a certain stage
of growth to provide certain insects a place to lay
eggs. In addition, changes in geographic distribution
of rice insect pests are likely to occur (Huang and
Khanna 2010). Unlike other tropical regions of the
world, insect pests in U.S. rice production fields have
been limited due to winter-time survival. However,
over the last 30 years the Mexican stem borer, which
attacks sugarcane, rice, and other crops, has become
a serious pest and has advanced from the southern tip
of Texas to the Louisiana border, causing yield losses
of up to 50%.

Evaluation of the other moisture extreme, flooding,
should also be considered in the context of global
climate change and rice productivity. While rice is
tolerant of short-term water immersions, it is equally
vulnerable to extended (more than 48 hours) submergence. Although major losses in rice crops are
frequently reported in tropical regions of the world
due to flooding, some 25,000 hectares of planted rice
were lost due to flooding of the Mississippi River
during 2011.
Lastly, water quality in the context of rising sea level
is critical. Thailand and Vietnam currently supply
the bulk of rice exports. However, the World Bank
estimates that even a 1-meter rise in sea level would
increase the salinity of key river deltas sufficiently
to reduce rice yields in both countries by up to 50%
(World Bank 2000). Some 80,000 hectares of U.S.
rice production are located along the Gulf Coast.
Subsidence has been observed in these coastal
marshlands for decades and has resulted in salt-water
intrusion that affects rice production in this region.
Storm surges associated with hurricanes Katrina
and Rita in 2005 increased salinity in the soil and
irrigation water, putting 10% of this area out of rice
production for some years. The potential for similar
effects throughout the Mississippi Delta region needs
investigation.

For rice, it is generally known that water shortages,
irregular rainfall patterns, and related water stresses
can increase the intensity of some diseases, including brown spot and blast. Kobayashi et al. (2006)
demonstrated that rising CO2 may affect disease
directly by lowering leaf silicon content, which may
have contributed to increased susceptibility to leaf
blast. Assessments of rice disease under concurrent
conditions of elevated CO2 and other climatic variables such as temperature and water are currently not
available.
Weeds
Weeds impose the largest single limitation on crop
yields (Oerke 2006). An overview of crop and weed
competitive studies indicate that weeds could limit
crop yields to a greater extent with rising levels of
CO2 (Ziska 2010). To date, there have been a limited
number of studies on the influence of weeds in rice
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systems in the context of CO2 and/or climate change.
Alberto et al. (1996) evaluated competitive changes
between rice and a C4 weed (Echinochloa glabrescens) at concurrent changes in CO2 and temperature
to demonstrate that while increasing CO2 favored rice
over the C4 weed, the combined changes in temperature and CO2 favored the weed species. Zhu et al.
(2008) also showed that rice was favored over a C4
grass (Echinochloa crus-galli) with elevated CO2, but
only if the N supply was adequate. If N was limited,
elevated CO2 led to a decline in rice relative to the
grass. Data from this experiment, as with that of
Alberto et al. (1996), indicate that crop-weed competition in response to CO2 increases may be contingent
on other soil-related (edaphic) and physical parameters. Research conducted to compare the response
of a widely grown southern U.S. rice cultivar with
red rice, a common weed in rice production fields, at
recent and projected increases of atmospheric CO2
(300, 400 and 500 ppm, respectively) demonstrated
that the weedy red rice produced a more dramatic
increase in seed yield and biomass with rising CO2
compared to the commercial cultivar (Ziska et al.
2010). Overall, while additional data are needed, the
information to date indicates that weed infestation
and rice-weed competition may impose a greater
limitation on rice production in the context of a
changing climate (Ziska et al. 2010).

C3 photosynthetic pathway), this anthropogenically
driven increase in CO2 represents a rapid rise in an
available plant resource. Differential responses to
such a changing resource, in turn, could provide
a basis for human selection within crop lines
for improved yields. Hence, selecting for CO2
responsiveness among rice lines may provide an
opportunity by which breeders and agronomists
could adapt to climate change while maintaining
both food security and economic stability (Ziska and
McClung 2008).
Agronomic Practices
Production site adaptation for rice can include
shifting planting dates, choosing cultivars with
different growth duration, changing crop rotations,
and utilizing different soil treatment applications
(e.g., till vs. no-till). Adjustment of planting dates
could be used to avoid temperature-induced spikelet
sterility, provided that such shifts do not interfere
with crop rotation or double-cropping practices. Such
adjustments would be aided by improved climate
forecasting (Gadgil et al. 2002).
It is clear that among climate drivers in the Southern
United States, reductions in water availability will
require new management methods to reduce water
use in rice production. Such methodologies must
be economically viable and account for resource
savings without significant loss in grain yield.
New management techniques like intermittent
irrigation appear particularly promising, with a 50%
reduction in water application and no concomitant
loss of production (Massey et al. 2003). Further
water savings may be possible with other irrigation
practices, but quantification of water use and yields
are not available.

Adaptation
Little research is underway in the United States to
address rice production vulnerabilities to climate
change and/or opportunities associated with rising
CO2 levels. Nevertheless, a number of potential
adaptation strategies can be employed to maintain
rice productivity.
Cultivar Selection
To promote adaptation to high temperature, plant
breeders have suggested phenotypic traits including heat tolerance during flowering, high harvest
index, small leaves, and reduced leaf area per unit
of ground area as adaptive strategies that reduce
canopy temperatures. Shifting peak flowering times
to cooler periods may also be beneficial (Prasad et al.
2006). Selection of traits related to extremes of water
availability (drought and flooding) is underway by
the International Rice Research Institute (IRRI) and
elsewhere (Wassmann et al. 2009).

Improved Pest Management
An obvious need exists to assess the vulnerability
of rice to climate and CO2-driven changes to pest
biology. Vulnerability can be defined as the measure
of the potential effects of a given change, minus the
adaptive capacity to respond to that change within
the system being affected (Sutherst et al. 2007).
Potentially, innovations such as simulation modeling
can be used to assess regional variability of rice
and other cereals to demographic changes of pest
distribution with projected climate. Some potential
adaptation strategies would include development of
pest-resistant cultivars; breeding with wild, related
species of rice to select for genes and/or phenotypes
that may be well suited to changing climate/CO2;
greater reliance on integrated pest management; and
a greater understanding of how climate is likely to
change pest management.

One additional means of adaptation to global climate
change may lie in recognizing that CO2, the principal
anthropogenic gas, also provides the raw material
(carbon) needed for photosynthesis and growth.
Because 95% of all plants currently lack optimal
levels of CO2 for photosynthesis (i.e., those with the
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temperature exceeded 40°C for at least 30 minutes
during a 5-day period ending at anthesis each day.

Wheat
Occupying 54.9 million acres of U.S. farmland
in 2011, total wheat production amounted to 2.69
billion bushels (www.nass.usda.gov). The grain
is primarily used to make flour for bread, pasta,
cookies, and other foods. The United States exports
more than 1.2 billion bushels of wheat annually (ERS
2012). While wheat can be grown throughout the
continental United States, production is concentrated
in the Great Plains and the Columbia River Basin.
Wheat varieties are classified as having a winter or
spring habit, depending on whether the plants require
a cold period to flower (vernalization). Different enduses require different types of grain characteristics,
and market type and grain quality are important in
understanding regional differences.

Enhanced Atmospheric Carbon Dioxide
Wheat has the C3 photosynthetic mechanism, and
photosynthesis responds strongly to short-term
exposure to elevated CO2. An increase of CO2
from 360 ppm to 720 ppm typically increases
photosynthetic rates of well-lit leaves by 30%
to 40%. However, with longer term exposure to
elevated CO2, responses are less pronounced as
the plant acclimates. Mechanisms for the lessened
response involve multiple adaptations of the
photosynthetic pathway (Osborne et al. 1998).
Water Deficits
Water transpired as CO2 is taken up for
photosynthesis, additional water being lost through
evaporation from the soil surface or deep drainage.
Biomass production and grain yield typically
increase linearly with water consumed by a crop
(transpiration plus evaporation), but the quantitative
relationship varies with climate and effects of other
factors such as pests, weeds, and tillage practices. In
the west-central Plains, Stone and Schlegel (2006)
estimated that wheat yield (grain per unit of water
transpired) increased 138 kilograms per hectare
for every centimeter (i.e., water efficiency is 138
kg ha‑1cm-1) of water used with no-till and 86 kg
ha‑1cm-1 with conventional tillage. In the southern
Plains, Musick et al. (1994) found that the response
was 122 kg ha‑1cm-1, combining data from dryland
and irrigated systems, and in the Pacific Northwest,
the response was 154 kg ha‑1cm-1 (Schillinger et
al. 2008). Much of U.S. wheat production occurs
in areas where water deficits limit yields in most
seasons, and droughts can cause crop failures over
large regions.

Temperature Effects
The foremost effect of temperature on wheat is an
increase of the rate of development, thus reducing
the length of the crop cycle, most notably duration of
grain filling. The optimal temperatures for development are 20°C to 30°C (expressed as daily average
temperatures), with grain filling having an upper
maximum of 35°C (Porter and Gawith 1999). Estimates of a lower limit for development up to anthesis
are from -1°C to 5 °C (Porter and Gawith 1999).
Leaf photosynthesis shows a broad optimum from
15°C to 30°C (instantaneous temperature), but ceases
by 45°C (Bindraban 1999), agreeing with estimates
that the lethal temperature for growth is around
47°C. Photosynthesis ceases near 1°C.
During vegetative growth, winter wheat can acclimate to temperatures below -10°C, enabling survival
during harsh winter conditions. Spring wheat lacks
this capability, the difference relating to action of the
vernalization loci that control growth habit (Dhillon
et al. 2010). Frost events after jointing can sterilize
the development of exposed spikelets, resulting in
severe yield reductions (Marcellos 1977; Thakur et
al. 2010).

Excess water
Waterlogging can reduce wheat yields 20% to 50%
(Collaku and Harrison 2002), and prolonged flooding
will kill a wheat crop. Flooding also can limit the
area planted. Untimely rains delay plantings and
harvests, and rains prior to harvest can cause preharvest sprouting, which lowers yield but more
importantly, reduces grain quality (Nielsen et al.
1982).

Heat stress disrupts sexual reproduction, and stress
appears to disrupt multiple aspects of development,
including pollen and ovule formation and early
embryo development (Zinn et al. 2010). Wheat
grown at 20°C showed reduced grain set when
transferred to 30°C for 1 day (Saini and Aspinall
1982). Ferris et al. (1998) showed that increasing
the number of hours of exposure to temperatures
above 31°C resulted in reduction of grain numbers
and lower grain biomass at harvest. Data from
a temperature gradient tunnel (Wheeler et al.
1996) suggested that grain-set ceased when the air

Ozone
Wheat has shown yield reductions under elevated
atmospheric ozone that are considered intermediate
among major crops (Heagle 1989). In studies with
open-top chambers, yield responses have varied
greatly, making it difficult to predict potential
effects (Heagle 1989; Bender et al. 1999; Feng et
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Diseases
Wheat diseases differ in their temperature optima,
and warming may alter the relative importance
of major diseases. Among wheat rusts, stem rust
reportedly prefers warmer temperatures than stripe
or leaf rust (Garrett et al. 2006), but there is evidence
for races (i.e., strains) of stripe rust that tolerate
warmer conditions (Luck et al. 2011). Similar to
pests, warming may increase overwintering of wheat
diseases. Nonetheless, there is great uncertainty
concerning the factors that determine whether or
not a given wheat disease becomes established.
For example, there are concerns that warming may
allow Karnal bunt, a disease occurring in the head of
wheat and barley, to become established in Europe
(Peterson 2009).

al. 2008). Biswas et al. (2008) reported that wheat
cultivars with higher stomatal conductance were
more sensitive to ozone, which is consistent with the
known mode of action of ozone, but suggests that
apparent tolerance will decrease with yield potential.
Pests, Diseases, and Weeds
Potential effects of pests, diseases, and weeds
include both direct effects on yield and wheat
quality plus effects on production costs through the
need for control measures (Coakley et al. 1999).
Predicting climate change effects on organisms that
interact with the wheat crop is essentially an order
of magnitude more complex than direct effects on
wheat crops per se. Few studies have examined
interactions of climate change factors with biotic
constraints affecting wheat.

Pests and Management Effects
As with pests and diseases, predicting crop-weed
interactions under climate change has high uncertainty. The large effect of elevated CO2 on wheat
growth and water use implies an elevated CO2 interaction with most environmental factors. Elevated
CO2 will not offset temperature effects on development but, by reducing photorespiration, effects of
high temperatures on photosynthesis are partially
mitigated. Elevated CO2 can partially reduce water
deficits through CO2-induced reduction of stomatal
conductance (Kimball et al. 2002).

Pests
Warmer temperatures typically increase rates of
insect population growth, and warming is expected to
extend the growing season in most U.S. agricultural
regions, allowing pest populations to breed over a
longer period each season. For many insect pests,
cold winter weather severely reduces populations.
Warmer winter temperatures could increase survival,
leading to more rapid reestablishment each spring,
further increasing severity of pest effects on agriculture (Bale et al. 2002). While warming also could aid
beneficial species that feed on wheat pests, Hance
et al. (2007) argued that warming may increase pest
outbreaks because of disruption of co-evolved temporal or geographical synchronization.

The effect of CO2 on stomatal conductance also
explains why elevated CO2 can reduce the effect of
ozone on wheat yields (Feng et al. 2008). Wheat has
shown yield reductions under elevated atmospheric
ozone that are considered intermediate among major
crops (Heagle 1989). In studies with open-top chambers, yield responses have varied greatly, making
it difficult to predict potential effects (Bender et al.
1999; Feng et al. 2008). Relative yield responses
to CO2 under low N have been similar to responses
with adequate N (Kimball et al. 2002), but clearly
if potential grain yields increase under elevated
CO2 plus warming, N inputs through fertilization
will have to increase to match the increased crop N
requirement.

Hessian fly, the most important pest of wheat in
the United States, is controlled in part by planting
winter wheat when low temperatures reduce the
activity of egg-laying flies (Harris et al. 2003). With
warming, the onset of the “fly-free” period would be
later, requiring farmers to plant later, which reduces
yield potential. Numerous other insects affect wheat
(Hatchett et al. 1987), both through direct feeding
and as vectors for viruses (e.g., the barley yellow
dwarf virus (BYDV)).
Evidence for effects of CO2 on pest damage on
wheat is scarce. A review by Sun et al. (2011), which
included examples from wheat, noted that elevated
CO2 can reduce the nutritional value of the plant’s
sap to sucking insects, inducing greater feeding by
aphids, but can increase the production of secondary
plant-defense compounds that protect plants against
insect damage.

Elevated temperatures exacerbate water deficits by
increasing ET. However, in regions where higher
temperatures allow earlier resumption of growth in
winter wheat, warming may enable crops to make
better use of winter moisture and avoid larger, endof-season atmospheric water demand. Earlier planting of spring wheat may result in similar benefits.
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regimes also will need to be adjusted according to
changes in yield expectations. However, changes in
pest, disease, or weed pressure would likely have to
be managed on a case-by-case basis.

Adaptation
Crop genetics
Time of anthesis in wheat is affected by genetic
controls on day-length sensitivity, vernalization
requirement, and intrinsic earliness. The inheritance
from generation to generation of these plant
parameters is reasonably well understood, so
cultivars with modified flowering times could
be bred to match changed planting dates and
temperature regimes. However, the genetic controls
of the duration of grain fill and of heat tolerance in
growth processes are much less well understood.
Genetic variation for response to CO2 is known
(Manderscheid and Weigel 1997; Ziska et al. 2004),
but breeding for increased responsiveness is very
difficult given the lack of screening environments
to select responsive varieties. Increases in
responsiveness to CO2 likely would reduce watersaving benefits associated with elevated CO2.

Crop distribution
An extreme adaptation to changing climate for a
specific location is to change crops. Ortiz et al.
(2008) suggested that by 2050 the spring wheat belt
in North America might shift more than 10 degrees
latitude northward, into western Canada. Although
not explicitly discussed, presumably winter wheat
would move north into former spring wheat regions
and portions of the southern-most winter wheat
lands would become unsuitable for wheat. Hubbard
and Flores-Mendoza (1995) predicted that warming
would substantially increase land used for growing
wheat. One intriguing option is that the Southern
United States might become more suitable for
winter-sown spring wheat.

In the United States, dating to the Nation’s colonial
period, farmers have continually adapted wheat and
other crops to new or changing environments and
circumstances (Olmstead and Rhode 2011). Recent
examples of major changes in production practices
include adoption of semi-dwarf wheats and no-till
technologies. Thus, Olmstead and Rhode (2011)
suggest that North American wheat farmers, who
have long shown a remarkable ability to adapt, will
be well positioned to manage in the face of climatic
challenges.

Cotton
Cotton is the principal fiber crop grown in the United
States with more than 14.7 million planted acres
during the 2011 growing season (NASS 2011).
Upland cotton (Gossypium hirsutum L.) is grown
throughout the entire U.S. cotton production belt and
makes up the bulk of U.S. cotton production (14.4
million acres planted). Pima cotton (Gossypium
barbadense L.) production constitutes the remaining
portion of U.S. cotton (300,000 acres planted), with
production primarily confined to the Western States
of California and Arizona. In 2011, Upland cotton
production contributed approximately $6.6 billion
to the U.S. farm economy, while Pima production

Crop management
If provided credible guidance, including assessment
of risk, especially from frost damage, producers can
readily change planting dates and cultivars. Fertilizer

Estimated Effects: Empirical Evidence
Free-Air CO2 Enrichment (FACE) studies are thought to provide the most reliable estimates of wheat
response to CO2. Yield increases for 200 ppm above ambient CO2 average +12% (Kimball 2011), with
response as high as 25% under water deficits (Kimball et al. 2002). Field-based estimates of the impacts
of warming on wheat come primarily from analyses of historical yield data and from field experiments
where planting dates or other manipulations were used to alter the temperature regime. Estimates of
yield decreases have ranged 4% to 6% per degree warming. In recent work combining infrared heating
and altered planting dates (Ottman et al. 2012), grain yield of spring wheat declined about 6% per
degree warming during grain filling. Lobell et al. (2011) analyzed historic wheat yield data and found a
5% decrease in yield per 1°C increase. These substantial effects largely result from the impact of warming
on crop duration and thus exclude potentially offsetting benefits from management adaptations such as
changing in planting dates or cultivars. They also ignore the beneficial effect of elevated CO2 on biomass
production and yield.
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Estimated Effects: Process-based Modeling
More than 35 peer-reviewed studies have simulated potential impacts of climate change on wheat in
the United States.This technical document largely relies on recent studies (2003 or newer) that consider
adaptation through changes in planting dates and cultivar phenology. Much of this research assesses
methodological issues in combination with potential impacts and generally highlighted uncertainties
caused by differences among GCMs and downscaling approaches.
For the Pacific Northwest, results from Stöckle et al. (2010) suggest that winter wheat yields are likely to
increase about 20% by 2040 and by 30% by 2080. For spring wheats, in contrast, yields would increase
only 7% by 2040 and 3% by 2080. For both growth habits, responses varied among sites, demonstrating
the importance of local temperature and precipitation regimes.
In the southern Great Plains, Zhang et al. (2011) reported no change in winter wheat yields for the
period 2010-2039. Simulations of winter wheat in the Southeast using GCM and regional climate model
scenarios corresponding roughly to 2090 (Tsvetsinskaya et al. 2003), showed 25% and 21% yield
reductions, respectively. The largest reductions were for Florida (58% and 50%). The study assumed a
fixed cultivar over the region; the results from other regions suggest leads to overestimation of negative
impacts of climate change.
Overall, the trend seems to be one of beneficial long-term effects of concurrent climate change and
elevated CO2 on winter wheat yield at higher U.S. latitudes, with declining benefits turning into negative
effects towards lower latitudes.

contributed approximately $670 million. Thus, cotton
production is a major contributor to the U.S. farm
economy and any effect that climate change has on
cotton production will be felt throughout the U.S.
economy.

reproductive development, and environmental
stress during floral development represents a major
limitation to crop development and productivity
(Snider et al. 2010; Oosterhuis and Snider 2011).
Furthermore, the effects on growth from elevated
temperatures during the night may be of more
importance than during the day. High temperatures
can have direct inhibitory effects on both growth
and yield and can create high evaporative demand
leading to more intense water stress (Hall 2001).

Upland and Pima cotton are both indeterminate
perennial crops, that is, they bear produce over the
season, but they are cultured as annuals. As such,
their ability to flower over an extended period of time
during the growing season might buffer reproductive
response to climate change. However, their growth,
development, and performance will be affected by
the changing environmental landscape.

No clear consensus exists about the optimum
temperature for cotton, as plant response varies
with plant developmental stage, plant organ, and the
environment in which the cultivar was developed
(Burke and Wanjura 2009). The ideal temperature
range for cotton shown from growth chamber studies
in Mississippi is from 20°C to 30°C (Reddy et al.
1991), and the optimal thermal kinetic window for
enzyme activity in which metabolic activity is most
efficient for Upland cotton was from 23°C to 32°C
(Burke et al. 1988). Cotton growth and reproductive
development are severely inhibited at temperatures
in excess of this optimal day/night temperature
regime. These higher temperatures commonly
occur in the U.S. Cotton Belt during flowering and

Temperature Effects
Cotton in its native state grows as a perennial
shrub in a semi-desert habitat and requires warm
temperatures. However, despite originating in hot
climates, cotton does not necessarily grow and
yield best at excessively high temperatures, and
a negative correlation has been reported between
yield and high temperature during flowering and
early boll development (Oosterhuis 1999). Although
cotton is sensitive to high temperature at all stages
of development, it is particularly sensitive during
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boll development and, depending on the timing
and severity of the stress, can represent a serious
limitation to yield. With projected temperature
increases from climate change, this is likely to
become even more important. However, cotton is
successfully grown at temperatures in excess of 40°C
in India and Pakistan, indicating some tolerance to
high temperature in cotton germplasm (living tissue
from which new plants can be grown, e.g., a seed).

and the maximum temperatures at 15 and 16
days prior to anthesis (Meyer 1966). However,
Barrow (1983) reported that pollen viability and
germinability were unaffected by pretreating
pollen with temperatures as high as 40°C, whereas
penetration of the stigma, style, and ovules was
negatively affected at 33°C and above. Snider et al.
(2011) confirmed that pollen tube growth rate was
more sensitive to high temperature than any of the
processes occurring during anthesis. The optimal
temperature range for cotton pollen germination
is between 28°C and 37°C, whereas the optimal
temperature for pollen tube growth is from 28°C
to 32°C for a range of Upland cultivars (Burke et
al. 1988; Kakani et al. 2005). Poor fertilization
efficiency under high temperature accounts for the
decline in seed number observed for cotton exposed
to high temperature conditions in both the field
(Pettigrew 2008) and the growth chamber (Snider et
al. 2009; Bibi 2010).

High temperature plays a vital role in germination
and emergence, and in subsequent stand
development, fruiting patterns, and final yield.
As maximum temperatures increase, cotton
developmental events occur much more rapidly
(Reddy, K.R. et al. 1995). The optimum temperature
for stem and leaf growth of cotton is about 30°C
(Hodges et al. 1993), and once temperatures
are above 35°C, leaf area declines (Reddy et al.
1992a; Bibi 2010). Decreases in shoot biomass of
Upland and Pima cotton occur with temperatures
exceeding 30°C (Reddy et al. 1991). The number
of vegetative and fruiting branches produced per
plant is strongly influenced by temperature, with an
increase in vegetative branches and a decrease in
fruiting branches with high temperatures (Hodges
et al. 1993). Roots generally have a lower optimum
temperature range for growth than shoots, with
optimum temperatures reported to be 30°C (Arndt
1945; Pearson et al. 1970). McMichael and Burke
(1994) showed that root growth was enhanced when
the root temperatures were within or below cotton’s
thermal kinetic window (i.e., optimal temperature
range).

The sequence of reproductive development is also
hastened as temperatures increase (i.e., the time to
the appearance of first square (fruiting bud), first
flower, and first mature open boll decreased as
the average temperature for each event increased)
(Reddy et al. 1996). In addition, the time required
for development of flowers up the main stem
and the vertical flowering interval increase with
increasing temperature (Hodges et al. 1993). The
total number of fruiting sites produced increased
approximately 50% as the temperature increased
from 30°C to 40°C, whereas at temperatures above
35°C abscission of bolls increased sharply with near
zero retention of bolls at 40°C (Hodges et al. 1993).
Boll retention decreases significantly under high
temperature (Reddy et al. 1991; Reddy et al. 1992b;
Zhao et al. 2005) and is reported to be the most heat
sensitive component of cotton yield, with enhanced
abortion of squares and young bolls at temperatures
above 30°C for both Pima and Upland cotton (Reddy
et al. 1991).

Reproductive growth is generally much more
sensitive to high temperatures than vegetative growth
(Singh et al. 2007). The flowering period of cotton
is reported to be the most sensitive phase to elevated
temperatures (Reddy et al. 1996; Oosterhuis 2002).
This is because a number of reproductive processes
must occur in a highly sequential fashion during
pollination to fertilization for successful fertilization
and seed production to occur (Reddy et al. 1996).
Successful pollination, pollen germination, pollen
tube growth, and subsequent fertilization of the ovule
are prerequisites for seed formation in cotton; seeds
with their associated fibers are the basic components
of yield.

Final cotton yield has also been shown to be strongly
influenced by temperature (Wanjura et al. 1969), with
a negative correlation between cotton lint yield and
high temperature reported for the Mississippi Delta
(Oosterhuis 2002). High, above average temperatures
during the day can decrease photosynthesis and
carbohydrate production (Bibi et al. 2008), and high
night temperatures will increase respiration and
further decrease available carbohydrates (Gipson and
Joham 1968; Loka and Oosterhuis 2010), resulting in
decreased seed set, reduced boll size and decreased
number of seeds per boll, and reductions in number
of fibers per seed (Arevalo 2008).

Depending upon the duration, timing, and severity of
the heat stress, fertilization could be limited by poor
pollination, decreased pollen germination, or limited
pollen tube growth. Sensitivity of reproductive
organs to heat stress was attributed to the sensitivity
of pollen grains to high temperature extremes. A
positive correlation exists between anther sterility
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Boll number and boll size, cotton’s basic yield components, are negatively affected by high temperature.
Boll retention has been shown to decrease significantly under high temperature (Reddy et al. 1991;
Reddy et al. 1992a; Zhao et al. 2005), with temperatures in excess of a 30°C/20°C day/night temperature
regime resulting in significantly lower boll retention
due to enhanced abortion of squares and young
bolls (Reddy et al. 1991). Zhao et al. (2005) found
that cotton plants exposed to a 36°C/28°C day/
night growth temperature regime retained approximately 70% fewer bolls than plants grown under a
30°C/22°C day/night temperature regime. In addition
to negatively affecting boll retention, temperatures in
excess of the optimum also resulted in decreased boll
size (Reddy et al. 1999; Pettigrew 2008).

the cotton germplasm pool, this has generally not
been exploited in Upland cotton breeding programs.
Oosterhuis et al. (2009) reported that breeding trials
do not indicate substantial genotypic differences in
Upland cotton grown in the U.S. Cotton Belt that
may be exploited by plant breeders for improved
thermotolerance. However, substantial thermotolerance exists in foreign cultivars from warmer climates
(Snider et al. 2010; Snider et al. 2011b), as well as in
wild type cotton strains (Bibi 2010).
Pima cotton appears to be more tolerant to higher
temperatures than Upland Delta-type cotton (Hodges
et al. 1993), and breeders have improved yields in
Pima cotton by increasing high-temperature tolerance
(Kittock et al. 1988). Although little progress has
been made in improving high-temperature tolerance
in U.S. commercial Upland cotton cultivars, there
appears to be substantial thermotolerance in wild
type Upland genetic material collected from areas
where cotton grows under conditions of extreme heat
such as southern Mexico (Bibi 2010). It has been
speculated that modern cotton cultivars are more sensitive to environmental stress conditions compared to
obsolete (older than 30 years) cultivars. Brown and
Oosterhuis (2010) showed that modern Upland cultivars had improved physiological responses (leaf photosynthesis, chlorophyll fluorescence, and membrane
integrity) under ideal temperature environments
(30°C), whereas obsolete cultivars were less sensitive
in high temperature (38°C) conditions. A similar conclusion was reached by Fitzsimons and Oosterhuis
(2011) in an analysis of long-term temperatures and
yields in the eastern Arkansas. Snider et al. (2010)
showed that genotypic differences in reproductive
thermotolerance of Upland cotton is closely associated with the thermal stability of the subtending leaf,
and the energetic status (carbohydrates and Adenosine triphosphate (ATP)) and pre-stress antioxidant
enzyme activity of the pistil are strong determinants
of reproductive thermotolerance in cotton.

The number of seeds per boll is an important basic
component of cotton yield (Groves 2009) and
accounts for more than 80% of total yield variability. High-temperature stress is a major factor
negatively affecting seed development. Pettigrew
(2008) reported that slight elevations in daily maxmin temperatures of approximately 1°C under field
conditions were not sufficient to cause a decline in
seed weight, but were sufficient to cause a significant
decline in seed number per boll, which was the primary cause of reduced yield under high temperature
conditions. This confirmed observations of Lewis
(2000), who showed that a lower average number of
seeds per boll (23.6 seeds/boll) developed in a hot
year (mean maximum daily temperature of 36.6°C
for July) compared to 28 seeds/boll in a cool year
(mean maximum daily temperature of 32.2°C for
July). He concluded that about 99% of the variation
in seed numbers per area in his 3-year study was
explained by changes in the mean maximum July
temperatures when flowering occurred. Although
Pettigrew (2008) observed declines in boll size and
lint percent, boll size was more negatively affected
than was lint percent; therefore, the author concluded
that decreased seed number caused a decline in boll
size and lint yield. Furthermore, Pettigrew (2008)
speculated that heat stress may have decreased seed
number by compromising ovule fertilization, which
was subsequently confirmed by Snider et al. (2009).

The consequences of increased temperatures during
the growing season are that cotton seed and fiber
yields are likely to be reduced. However, the cotton
crop does have some innate thermosensitivity
through acclimation to higher temperatures, within
the limits of the thresholds of temperature effects on
physiological processes. Also, even though the cotton
crop is particularly sensitive to high temperature
during flowering, due to its perennial nature and
indeterminate growth habit, compensation can
occur for short periods of heat stress. For example,
variation in temperatures during the cropping season
allows some flowers during the flowering period
to escape exposure to damaging temperatures such

Higher temperatures adversely influence the growth,
development, and yield of cotton, and with the
increased concern about climate change, this has
focused attention on the need for enhanced thermotolerance in commercial cultivars. A number of
researchers have documented genotypic thermotolerance in cotton (Taha et al. 1981; Brown and
Zeiher 1998; Cottee et al. 2007; Snider et al. 2010).
However, although genotypic variation exists in
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that some bolls are produced; also, boll retention
following periods of heat stress will be increased.
Higher temperatures together with associated
changes in precipitation patterns are likely to change
the geographical areas suited to cotton production.

can be reduced when moisture deficit stress is severe
and occurs shortly after flowering (Eaton and Ergle
1952; Bennett 1967; Marani and Amirav 1971; Pettigrew 2004b). Fiber micronaire, an estimate of fiber
fineness, can be inconsistently affected by drought.
Depending upon when the stress occurs and its
duration, micronaire can either be decreased (Eaton
and Ergle 1952; Marani and Amirav 1971; Ramey,
1986; Pettigrew 2004b) or increased (Bradow 2000;
McWilliams 2003). These micronaire variations are
thought to be tied to how the drought stress affects
the relationship between the photo-assimilate supply
(i.e., nutritional energy source) and the boll load
(nutritional energy sink) (Pettigrew 1995).

Moisture Stress
Many of the climate change projection scenario
outcomes show altered precipitation distribution patterns. These alterations in distribution can result in
an area receiving more or less precipitation than has
occurred historically. These disruptions also mean an
area may now experience precipitation extremes with
cotton encountering either flooding or drought stress
during one of the critical stages of growth.

A second consequence of altered precipitation
distribution patterns is the potential for intermittent
flooding events to occur during the growing season.
Unfortunately, not as much research has been
conducted on flooding or waterlogged conditions
as has occurred for drought stress conditions. Yield
losses are often associated with flooding events
due to a reduced number of bolls being produced
(Bange et al. 2004). Overall, plant dry matter was
reduced by flooding because of a reduction in
the efficiency of solar radiation use rather than a
reduction in solar radiation interception. Reinforcing
the lower radiation use efficiency observed with
flooding, Conaty et al. (2008) reported reduced leaf
photosynthetic rates when a flooding event occurred.
Flooding that occurred during the early squaring
period was more detrimental to yield production than
when the flooding occurred during the peak green
boll period (Bange et al. 2004).

Considerable literature exists on research conducted
over the years on the effects of drought stress on
cotton production; most of this literature has been
summarized in a recently published book chapter
(Loka et al. 2011). Moisture deficit stress reduces
overall plant stature, resulting in plants with less
leaf area production (Turner et al. 1986; Ball et al.
1994; Gerik et al. 1996; Pettigrew 2004a). Reduced
photosynthetic activity and increased leaf senescence
are also caused by moisture deficit stress in cotton
(Constable and Rawson 1980; Perry and Krieg, 1981;
Marani et al. 1985; Faver et al. 1996; Pettigrew
2004a). This reduced photosynthetic activity, coupled
with reduced photosynthesizing leaf area, decreases
the total amount of available assimilates for droughtstressed cotton plants to utilize for further growth,
vegetative or reproductive.
Drought stress can ultimately lead to lint yield
reductions, with the production of fewer bolls per
unit of ground area being the principal yield component affected (Stockton et al. 1961; Bruce and
Shipp 1962; Grimes et al. 1969; Gerik et al. 1996;
Pettigrew 2004b). Fewer bolls are produced primarily because of reduced flower production, but also
because of increased boll abortions when the stress
is extreme and occurs during reproductive growth
(Grimes and Yamada 1982; McMichael and Hesketh
1982; Turner et al. 1986; Gerik et al. 1996; Pettigrew
2004b). Flowering and reproductive growth occur
over a more extended period of the growing season
compared to the determinate crop species that flower
during a brief period. Depending upon the severity and duration of the stress, cotton can tolerate
some moisture stress better than determinate crops
by somewhat compensating for any reproductive
loss during the stress period with production in the
remaining unstressed reproductive period.

Enhanced Atmospheric Carbon Dioxide
Almost all the future climate change forecasts call for
and are based upon greater concentrations of atmospheric CO2. Because cotton is a C3 plant, it exhibits a positive photosynthetic and growth response
as the ambient CO2 concentration is elevated. In
controlled environment chambers, K.R. Reddy et
al. (1995, 1997) and V.R. Reddy et al. (1995) were
able to demonstrate increased leaf photosynthesis,
with decreased stomatal conductance, greater total
biomass production, and increased boll yield when
CO2 levels were increased from 350 to 700 ppm.
This increased photosynthesis coupled with the
reduced stomatal conductance under elevated CO2
conditions also led to increased water-use efficiency.
An increase in CO2 levels, in and of itself, was not
observed to have profound effects on the quality of
the lint produced (Reddy et al. 1999).
Many of the phenomena observed in these controlled
environment chamber studies were confirmed in an
Arizona field situation under a FACE environment,

Fiber quality can also be compromised through
exposure to moisture deficit stress, and fiber length
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with CO2 concentration elevated to 550 ppm. Photosynthesis (Hileman et al. 1994; Idso et al. 1994) and
water-use efficiency (Mauney et al. 1994) increased
in elevated CO2 conditions. Water-use efficiency
increased due to increased above-ground biomass
production, rather than reduced water use (Mauney
et al. 1994). The CO2 enrichment increased cotton
height, leaf area, above-ground biomass, and reproductive output, but not the total root biomass (Derner
et al. 2003). Cotton grown in these FACE environments accumulated more total plant nutrients, but
had lower tissue nutrient concentrations than cotton
grown in ambient CO2 levels (Prior et al. 1998). The
increased total nutrient uptake but decreased nutrient
concentration occurred because while above-ground
biomass production increased, thereby increasing
total uptake, the increased amount of nutrients was
diluted across a greater biomass. The researchers also
observed that under elevated CO2 conditions, nutrient
uptake from the soil increased, as did nutrient-use
efficiency when compared to cotton grown under
ambient CO2; yields increased 43% in these FACE
environments (Mauney et al. 1994).

is planted earlier than during the period traditionally considered as the optimum planting window
(Pettigrew 2002). This approach allows much of the
cotton crop to be produced prior to the onset of many
late-season stresses (high temperature, moisture deficit, and heavy insect infestations). Alternatively, the
longer growing season also allows for expansion of
the area in which cotton can be successfully doublecropped (two crops per year) behind other crops such
as wheat (Wiatrak et al. 2005; Wiatrak et al. 2006).

Adaptation
The front line of defense for cotton producers, if projected climate change scenarios play out, will be an
evaluation and appropriate alteration of production
practices. Water management capabilities could play
a major role in enabling producers to maintain economically viable operations as the climate changes.
Obviously, irrigation will be enormously important in
areas where alterations in rainfall distribution lead to
episodes of moisture-deficit stress occurring. Irrigation is also important in helping the plant mitigate the
detrimental effects from excessively high temperature. The plant’s ability to lower tissue temperature
through transpirational cooling is dependent upon an
adequate moisture supply. However, water use for
cotton irrigation will have to compete with industrial
and urban municipal use for the dwindling ground
and surface water supply in many areas. Advances
in subsurface drip-irrigation, low energy precision
application (LEPA) irrigation, and furrow-dikes can
aid cotton producers in making more efficient use
of this limited resource (Bordovsky 1992; Sorensen
et al. 2011). In areas where flooding could become
more problematic as the climate changes, landforming procedures may be needed on some fields to
promote rapid water runoff.

Genetics may offer additional tools for producers
to deal with elements of projected climate change.
Many cotton genetics programs are trying to develop
germplasm with tolerance to various direct (abiotic)
stresses (Allen and Aleman 2011). Efforts have been
put forth using molecular markers to identify and
characterize quantitative trait loci (QTL) associated
with abiotic stress tolerance in cotton (Paterson et al.
2003; Saranga et al. 2004). For the most part, these
efforts have focused on mining traits and genetic
variability within the cotton germplasm pool and
other closely related Gossypium species.

Another consequence of a warming climate is that
cotton can be grown further north than its traditional planting region. For instance, cotton acreage
in Kansas has increased from 1,500 acres in 1990
to 38,000 acres in 2009, with the acreage peaking
in 2006 at approximately 115,000 acres (USDA
1990-2010). However, most of this Kansas acreage
increase occurred due to economic considerations
rather than a dramatic shift in climatic conditions.
Nevertheless, a warmer climate could allow cotton to
encroach further north into regions traditionally used
for corn, soybean, or wheat production.

Alternatively, genes associated with targeted biochemical pathways involved in conveying a stress
tolerance that come from a completely different
source could be introduced into the cotton genome
through transgenic technologies. Although the
use of transgenic technology can provide a more
focused approach to genetic manipulations, it also
comes with its own set of problems, such as how
the inserted foreign DNA could affect native physiological processes. Nevertheless, many private and
public breeding programs are devoting resources to
select for drought and temperature stress tolerance.
However, these traits are highly complex, which dictate that progress will be slow to occur. Most of the
initial screening and selecting of lines has occurred
in controlled environments, such as greenhouse or
growth chambers. Field testing and confirmation
of these stress tolerance traits has not proceeded as
fast. As of now, no cotton varieties with consistently
demonstrable abiotic stress tolerance are available

One of the consequences of warmer temperatures
on cotton production is an extension of the growing
season length. This opportunity provides producers
with more flexibility with planting and production
decisions. Research has demonstrated improved
yield potential when cotton in the Mississippi Delta
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for cotton producers to utilize in production systems.
It may be many years before any such varieties with
useful stress tolerance are available on the market.

Agricultural Statistics Service (USDA-NASS) are
listed in Table 5.2. Of these 29 crops, most are considered popularly to be vegetables, and the remainder
– strawberries and three kinds of melon – are considered fruits. The USDA recommends that the human
diet include half vegetables and fruits (http://www.
choosemyplate.gov/print-materials-ordering/dietaryguidelines.html), thus potential effects of climate
change on this group of crops are of high interest.

Annual Specialty Crops
Specialty crops are defined in law as “fruits and vegetables, tree nuts, dried fruits, and horticulture and
nursery crops, including floriculture.” Annual specialty crops include many vegetable and fruit plants,
each with their own environmental preferences. The
primary annual specialty crops, for which production
data are annually collected by the USDA’s National

The primary States that produce annual specialty
crops are, in order of total production, California,
Florida, Arizona, Georgia, and New York (USDA-

Table 5.2. Principal annual specialty crops for fresh market, 2010 production acreages, values, and primary production
States obtained from the USDA-NASS, Vegetables 2010 Summary, January 2011. 2009 values for potatoes, sweet potatoes, and dry beans were obtained from the USDA-National Agricultural Statistics Service, Agricultural Statistics, Chapter IV,
Statistics of Vegetables and Melons, United States, Government Printing Office, Washington: 2010). Only includes estimates
for the selected crops in the NASS annual program. These crops are not estimated for all states that might produce them.
*Includes processing total for dual usage crops.
Main production states by acres planted
Production
1,000 Cwt

Acres
harvested

Value total
dollars

Value
dollars/acre

No.
states
listed

1

2

3

CA

MI

WA

ND

MI

Artichokes*

900

7,200

$46,350,000

$6,438

1

CA

Asparagus*

799

28,000

$90,777,000

$3,242

3

25,360

1,463,000

$793,722,000

$543

19

Beans, dry
edible
Beans, Snap
Broccoli *

5,062

88,500

$303,679,000

$3,431

11

FL

GA

18,219

121,700

$648,886,000

$5,332

2

CA

AZ

4

5

MN

NE

ID

TN

CA

NY

Cabbage

22,797

66,400

$378,404,000

$5,699

14

CA

NY

FL

TX

GA

Cantaloupes

18,838

74,730

$314,379,000

$4,207

9

CA

AZ

GA

TX

IN

Carrots

22,777

68,000

$597,362,000

$8,785

3

CA

MI

TX

6,281

36,360

$247,456,000

$6,806

3

CA

AZ

NY
GA

NY

OH

MI

CA

Cauliflower*
Celery*

20,285

28,500

$398,854,000

$13,995

2

CA

MI

Corn, Sweet

29,149

247,200

$750,467,000

$3,036

26

FL

CA

Cucumbers

8,482

43,900

$193,643,000

$4,411

11

FL

GA

NC

Garlic*

3,737

22,750

$265,510,000

$11,671

3

CA

NV

OR
TX

Honeydews

3,204

14,700

$49,608,000

$3,375

3

CA

AZ

87,189

267,300

$2,249,998,000

$8,418

4

CA

AZ

Head

50,750

139,000

$1,205,575,000

$8,673

2

CA

AZ

Leaf

11,180

48,000

$429,432,000

$8,947

3

CA

AZ

Romaine

Lettuce (total)

25,259

80,300

$614,991,000

$7,659

4

CA

AZ

Onions*

73,213

149,670

$1,383,595,000

$9,244

12

CA

WA

OR

GA

NY

Peppers, Bell*

15,739

52,700

$637,113,000

$12,089

7

CA

FL

GA

NC

NJ

Peppers, Chile*

4,502

22,500

$135,364,000

$6,016

4

NM

TX

CA

AZ

431,425

1,045,000

$3,452,276,000

$3,304

30

ID

WA

ND

WI

CO

10,624

48,500

$116,539,000

$2,403

6

IL

MI

OH

NY

PA

6,133

38,900

$256,924,000

$6,605

4

CA

AZ

NJ

TX

Potatoes
Pumpkins*
Spinach
Squash*

6,542

43,500

$203,592,000

$4,680

12

FL

MI

CA

NY

GA

Tomatoes

28,916

104,500

$1,390,754,000

$13,309

14

CA

FL

TN

OH

VA

Strawberries*

28,501

56,990

$2,245,319,000

$39,398

10

CA

FL

OR

NY

NC

Sweet potatoes

19,469

96,900

$410,361,000

$4,235

9

NC

CA

LA

MS

FL
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NASS, 2011), though for any particular crop the
number and identity of States considered to contribute significantly to the annual harvest varies (Table
5.2). As many as 30 States contribute to the annual
potato harvest, while only California contributes
significantly to the artichoke supply. California is the
leading producer of 19 of the 29 listed annual specialty crops and is among the top 5 production States
for all specialty crops except for potatoes, dry beans,
and pumpkins. Projected climatic changes, including
changed precipitation regimes and increased temperature for agriculturally important parts of California, are of great importance to future production of
annual specialty crops.

role for pollen development as a facet of strawberry
heat tolerance (Ledesma and Sugiyama 2005).
Water Deficits
For many annual specialty crops, ample water is
essential to achieve high yields while maintaining
a quality acceptable to consumers, and drought is
highly detrimental to yield and quality. Depending
on the cultivated variety, strawberries produced with
less than optimal amounts of water have reduced leaf
area, root development, and reduced berry size and
yield (Bordonaba and Terry 2010; Klamkowski and
Treder 2008). Yields of potato in drought conditions are reduced, especially when temperatures and
wind speeds are high (Wolf 2002). The amount of
water needed to produce a crop varies according to
how the crop is managed and environmental factors
such as temperature, light, and wind. The ranges in
the amount of water needed to raise a crop based on
management and environment are very large (tomato,
2.58-11.88 kg∙m-3; potato, 1.92-5.25 kg∙m-3; melon,
2.46-8.49 kg∙m-3; watermelon, 2.70-14.33 kg∙m-3;
and cantaloupe, 4.18-8.65 kg∙m-3) and call attention
to the need for continued research on water management in crop production (Rashidi and Gholami
2008). Even apparently minor differences in furrow
orientation resulted in yield reduction of onion, a
crop not known as terribly drought sensitive except
at the seedling establishment stage; changes in row
direction can change plant evapotranspiration and
potentially lead to greater accumulation of harmful
salts in the soil (Villafañe and Hernández 2000).

Temperature Effects
Temperature is a major environmental change
expected to affect production of annual specialty
crops. Warm-weather crops such as tomato have
different temperature responses than cool-weather
crops such as potato, lettuce, and onion (McKeown
et al. 2004; Else and Atkinson 2010). In addition, the
various crops are sensitive to specific forms of stress,
such as periods of hot days, overall growing season
climate, minimum and maximum daily temperatures,
and timing of stress in relationship to developmental
stages (Ghosh 2000; Pressman et al. 2002; McKeown
et al. 2005; Sønsteby and Heide 2008; Dufault et al.
2009).
For mild heat stress (a 1°C to 4°C increase above
optimal growth temperature), a common result is
moderately reduced yield (Sato 2006; Timlin et al.
2006; Wagstaffe and Battey 2006; Tesfaendrias et
al. 2010). Plants were most sensitive to heat stress 7
to 15 days before anthesis, consistent with a critical time in pollen development. More intense heat
stress (generally greater than 4°C increase over
optimum) leads to severe yield loss up to and including complete failure of marketable produce (Ghosh
2000; Sato et al. 2000; Kadir et al. 2006; Gote and
Padghan 2009; Tesfaendrias et al. 2010). Ample
evidence exists that temperature effects on yield loss
varies among crops. For example, tomatoes under
heat stress struggle to produce viable pollen, though
their leaves remain active. The dysfunctional or
non-viable pollen does not properly pollinate flowers, causing a failure in fruit set (Sato et al. 2000).
If the same stressed plants are cooled to normal
temperatures for 10 days before flower pollination,
and then returned to high heat, they are able develop
fruit. Alternately, the reason some heat tolerant
tomatoes perform better than others appears to be, in
part, related to a superior ability to create successful
pollen even in adverse conditions (Peet et al. 2003;
Sato 2006). At least one report identifies a similar

To compensate for the uncertainties of precipitation, many annual specialty crops are grown with
irrigation. For these crops, drought is a less pressing
issue as long as there is an ample water reservoir for
agriculture and other users and the cost to irrigate is
affordable. Under circumstances where water use is
restricted or costly, as is the case in California and
Arizona (two major annual specialty crop production
States), production of some crops may become less
profitable if current climate and trends continue. This
may shift cultivation to the other States with more
available water.
Excess Water
Other specialty crop States, such as Florida, Georgia,
and New York, and much of the East Coast, have
been receiving increased precipitation. Since
precipitation has been and is expected to occur in
more extreme events, the primary benefit will be in
the form of a reservoir of irrigation water.
Severe flooding reduces yield by killing plants,
while less severe flooding changes the plant in ways
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that cause it to be weaker, potentially diminishing
its yield. As a consequence of moderate flooding
of strawberries, for example, fruit yield, total leaf
area, and weight decreased, while dead leaf area
increased, with one cultivated variety (cultivar)
more sensitive to flooding than others (CasierraPosada 2007). Tomato tolerance to flooding is also
cultivar dependent (Ezin et al. 2010). Even storms
that produce only minor flooding or no flooding can
damage marketable yield. For example, tomatoes
are famous for cracking and splitting after a storm.
Strawberry flavor is so strongly affected by water
availability that strawberries grown in excess
water have lower sugar content and taste “watery,”
while carefully restricting water can be used to
increase sugar content and make them taste sweeter
(Bordonaba and Terry 2010).

p redicted approximately a 17% increase in tomato
yield. These results were corroborated by 2 years of
field trials (Heuvelink et al. 2008). Therefore, light
intensity is an additional critical factor in predicting plant response to increased atmospheric CO2
concentrations.
Moderate light reduction improves both yield and
quality of several annual specialty crops. Repeatfruiting strawberries grown in the Netherlands had
higher yields without shading (Wagstaffe and Battey
2004), but once-fruiting strawberries grown in Nova
Scotia had higher yields under moderately reduced
light (Li et al. 2010), indicating that there is a range
of light levels optimum for yield. That optimum
varies by strawberry type (e.g., some plants need
short-day exposure to flower, while others are neutral
to day length, i.e., day neutral) and even cultivar.
Highest marketable tomato yields were produced
under 50% shading (Gent 2007). In potato, the
amount of light was more important than temperature
or photoperiod in explaining differences between
spring and autumn seasonal yields (Bisognin et al.
2008). The amount of light received is positively
correlated with lettuce plant growth (Grazia et al.
2001), but too much light, or rather, too much light
of the wrong wavelength, can cause problems with
quality (Wissemeier and Zuhlke 2002; Frantz et al.
2004). Research has shown that maximum yield
and quality can be achieved in protected cultivation
(Oliveira et al. 2006). Cracked skin was the tomato
defect most alleviated by shade (Gent 2007). Too
much light can also reduce strawberry fruit quality;
for example, high light and temperature levels lead
to the development of strawberry fruit bronzing
(damaged fruit that is bronze in color and may be
desiccated or cracked on the surface) in Commander,
a particularly susceptible cultivar (Larson et al.
2005). Tomato plants grown in 25%-27% reduced
light tolerate and can even achieve higher yields in
higher temperatures (Pino et al. 2002; Uzun 2007).

Extreme Events
Extreme precipitation events will be damaging to
crops due to a combination of heavy rain that can
physically injure plant parts, inject excessive water in
the root zone, result in physical damage if high winds
accompany rainstorms, and increase pressure from
some fungal and bacterial diseases.
Many plants fall over in high winds associated with
storms. Their stems can break, and plants such as
tomatoes can lose all their fruit without stem support.
Wind can also reduce yield of short plants without
a main stem (e.g., strawberries) by causing physical
damage to the plant (Peri and Bloomberg 2002), and
can even reduce yield of root crops such as onion
(Greenland 2000).
Solar Radiation Effects
Another environmental condition associated with
increased precipitation is reduced light from overcast
conditions. In the extreme, reduced light will reduce
yields, and optimal light levels depend on crop,
cultivar, and growing conditions. Higher light levels
seem to be important for allowing maximum uptake
of excess CO2 by tomatoes (Tartachnyk and Blanke
2007). On cloudy days, tomato leaves were unable
to make use of the additional photosynthetic building blocks supplied by elevated CO2 levels, but the
amount of CO2 in a greenhouse atmosphere dropped
sharply on sunny days because it was being incorporated into plant growth. In greenhouses in southern
Ontario, high concentrations of CO2 coupled with
high light intensity provided measurable gains in
yield compared to low light intensity. Given sufficient light and water, plants quickly benefited from
increased atmospheric CO2 (Hao 2008). Finally,
a computer model simulating growth conditions
of high CO2 levels and moderate light intensity

Interactions Across Climate Change Stressors
Because plants continuously integrate myriad environmental signals, tolerance to increased temperature
is often dependent on the status of other environmental factors like humidity and light. It has been
worthwhile to identify specific cultivar responses
to interaction effects in various crops (Amadi 2009;
Santos et al. 2009). Examples from tomato highlight plant responses to these interactions. Under
high light conditions, tomato fruit yield reached
maximum levels at 22°C, and under reduced light
conditions, yield continued to increase to 25°C, so
that reducing light increased tolerance to higher
temperatures (Uzun 2007). A study by Peet et al.
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(2003) demonstrated that plants were more sensitive
to the combination of high heat and humidity than to
either condition alone; reducing humidity increased
tolerance to higher temperatures, and some cultivars
performed better than others under both high humidity and heat. Onions grown at increased temperature
hastened leaf expansion regardless of atmospheric
CO2 concentrations. However, increased CO2 at high
temperature led to the selective increase of carbohydrates in bulbs but not leaves (Wheeler et al. 2004).
These interactions will become important when considering adaptation of crop production via relocation
of agricultural activity.

The value of perennial specialty crops is derived
from not only the tonnage but also the quality of the
harvested product, for example the size of a peach,
the red blush on an apple, or the bouquet of a red
wine produced from a particular vineyard. In contrast
to annual agronomic crop production, perennial crop
production is not easily moved as the climatic nature
of a region declines due to many socio-economic
factors including long re-establishment periods,
nearness to processing plants, availability of labor,
and accessible markets. Climate change complicates
the problem of food production from perennial crops.
Temperature Effects
In California, the optimum growing temperature
for wine and table grapes, oranges, walnuts, and
avocados is equivalent to the average temperature
from 1980-2003, indicating that the current cultivars
are well adapted to the contemporary California
temperature regime (Lobell et al. 2006). Perennial
cropping systems are commonly in place as long as
30 years, and this poses a challenge with a changing
climate since the selection of a productive cultivar
at planting may not be the most adapted sometime
in the future. The development of new cultivars in
perennial specialty crops commonly requires 15 to
30 or more years, greatly limiting the opportunity to
easily shift cultivars.

Adaptation
For an individual crop, there are often cultivars with
higher tolerances for stressful temperatures, water
availability, light, and other environmental factors,
just as there are cultivars that are resistant or susceptible to certain diseases. Studies of specialty crops
have identified promising sources of heat-tolerant
genetic material (Camejo et al. 2005; Harbut et al.
2010). This is important because borrowing superior
stress tolerance mechanisms from overall inferior
plants is a crucial way to improve the varieties that
are grown every day in commercial production. At
least one promising source of heat tolerance was
identified when assessing cultivars of strawberry
(Ledesma and Sugiyama 2005; Ledesma et al. 2008),
tomato (Sato et al. 2000; Sato et al. 2004), lettuce
(Santos et al. 2009), onion (Tesfaendrias et al. 2010),
and potato (Amadi 2009). Cultivar differences in
tolerance to temperature extremes appear to be
greater than for any other environmental stressor.
This highlights plant breeding as an important tool
for adapting agriculture to future climate change.

In addition to the rise in global temperature, it is
expected that some extreme events will increase in
frequency and severity as a result of the shift in mean
conditions and/or a change in climate variability
(Easterling et al. 2002; McCarthy et al. 2001). These
extreme events and climatic variation will also pose
additional challenges to perennial cropping systems.
Socio-economic factors and inability to rapidly identify adapted cultivars do not necessarily make the
perennial specialty cropping systems more vulnerable to climate change, but they do call attention to
the needs of the industry for new cultural and genetic
tools and research to adapt in a timely and economic
manner.

Perennial Specialty Crops
Perennial specialty crop production is sensitive
to temperature, water availability, solar radiation,
air pollution, and CO2. Furthermore, as in other
C3 plants, photosynthesis can be limited by CO2
availability when light and other factors are
not limiting (Farquhar et al. 1980). Increased
atmospheric CO2 generally increases growth rate and
yield, resulting in a higher accumulation of biomass,
fruit production, and quality in fruit trees (Idso and
Kimball 1997; Centritto et al. 1999a; Kimball et al.
2007). However, growth enhancements in response
to increasing CO2 could diminish in the long-term
due to acclimation, especially when combined with
other limiting factors such as heat stress and nutrient
deficiencies (Pan et al. 1998; Druta 2001; Vu et al.
2002; Adam et al. 2004).

The value of a fruit crop is determined and limited at
many points before and during the growing season
because the value is based not only on biomass,
but on size, color, chemical composition, firmness,
and other measurable criteria. Using apple as an
example, in the year prior to harvest, floral initiation
occurs in June-July and high temperatures reduce the
number and vigor of the potential floral buds. During
the dormant winter months, extreme cold can kill
buds and warming periods can de-acclimate buds,
making them susceptible to later winter damage.
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In the spring, frost periods can kill flowers. As the
fruit are growing in the spring, high temperature
can reduce cell division resulting in small fruit.
During the summer months, high temperature may
cause sunburn damage reducing pack-out at harvest,
accelerate maturity, reduce fruit firmness and color
development, and/or decrease the suitability of fruit
for short- or long-term storage.

the literature for use by crop/climate modelers and
policy makers in assessing future climate change
effects. The response of these crops to a proposed
doubling of atmospheric CO2 is evaluated from the
scientific literature in Tables 5.7, 5.8, 5.9.
Modeling of past and future climate changes in the
United States has demonstrated that warming in
the historical record and future warming will affect
perennial specialty cropping systems. Historically,
apple mid-bloom dates in the Northeastern United
States have advanced 0.20 days/year (Wolfe et al.
2005), with a temperature rise of 0.25°C/decade
(Hayhoe et al. 2007). According to Stöckle et al.
(2010), apple bloom will occur approximately 3 days
earlier by 2020 in eastern Washington. From 1948 to
2002 in the main grape growing regions of California, Oregon, and Washington, growing seasons
have warmed by 0.9°C (Jones et al. 2005). In future
climate scenarios, grape bloom time in the central

Of the many perennial specialty crops produced in
the United States, apple, blueberry, cherry, citrus,
grape, peach, pear, raspberry, and red maple were
selected as representative perennial nursery and
ornamental crops. Critical temperature and photosynthetically active radiation (PAR) thresholds for key
phenological stages were identified in the scientific
literature (Tables 5.3, 5.4, 5.5, and 5.6). Each crop
has a range of cultivars, and so there is a range
of critical thresholds for the various phenological
stages. Conservative thresholds were selected from

Table 5.3. Critical temperature thresholds for the production of apple, blueberry and cherry at various phenological stages.
Blueberry

Cherry

Winter hardiness/chill
accumulation(chillunits)

Phenological stage

400-2900; 5 or 7˚C base. (Swartz and Powell, 1981; Hauagge,
2010)

Apple

600-1200; 4˚C base
(Arora et al., 1997)

900-1500; 7˚C base (Seif and
Gruppe, 1985)

Freezesusceptibilityof
flowers

-3 to -4˚C (Powell and David, 2011)

-2˚C (Powell and
David, 2011; Snyder
and Melo-Abreu,
2005)

-2˚C (Snyder and MeloAbreu, 2005)

Pre-bloomflowerdevelop- >5˚C prebloom detrimental to fruit set; >17˚C reduces floral
ment/floralinitiation
initiation; Elevated fall temperatures delay bloom up to 3
days. (Warrington et al., 1999; Tromp, 1976; Jackson et al.,
1983; Tromp and Borsboom, 1994; Wilkie et al., 2008)

>28˚C reduces initiation in highbush.
(Darnell and Williamson, 1997)

30-35˚C during initiation
results in doubles. (Beppu
et al., 2001;

Effectsonpollination

High temperatures increase pollen tube growth but decrease
stigma and ovule viability and converse with low temperature.
In general, O. cornuta was active from 10 to 12°C and 200
w/m2, and A. mellifera from 12 to 14°C and 300 w/m2. (Vicens
and Bosch. 2000; Way, 1995; Sanzol and Herrero. 2001)

Honey bee activity
increased linearly
from 18-28˚C.
(Danka and Beaman,
2007)

>5˚C reduces ovule viability.
An increase in temperature
reduced pollen germination,
but accelerated pollen tube
growth. (Beppu et al., 1997;
Hedhly et al., 2004; Postweiler et al., 1985)

Fruitset/fruitdrop

Temperatures >13˚C increase fruit drop. (Grauslund, 1978)

Nd

Increasing daily mean 3˚C
above norm decreased fruit
set. Optimal temperature
is ~15˚C during flower
development. (Beppu et al.,
1997; Hedhly et al., 2004)

Chemical thinning

Temperatures >25˚C can result in excessive fruit thinning.
Temperatures > 27˚C overthin. Temperatures < 18˚C are ineffective. Thinning increased linearly from 8-24˚C with an ideal
range of 21-24˚C. (Wertheim, 2000; Yuan, 2007; Stover and
Greene, 2005; Forshey, 1976; Buban, 2000)

not a standard
cultural practice

Thinning increases linearly
from 16-20˚C. (Olien and
Bukovac, 1978)

Maturity/harvesting

Maximum volatile production occurs at 22˚C during ripening.
Increasing air temp 40-80 days after bloom linearly increases
fruit size and soluble solids but decreases firmness. Temperatures >20˚C reduces anthocyanin production. Fruit surface
temperatures > 45˚C induce sunburn. (Barber and Shape,
1971; Felicetti and Schrader, 2008; Warrington et al., 1999;
Dixon and Hewett, 2000; Lin-Wang et al., 2011; McArtney et
al., 2011)

Night temperatures
> 21˚C decrease
fruit size. Day
temperatures >29˚C
decrease size.
(Darnell and Williamson, 1997)

Bruising decreases linearly
with increasing temperature
above 0˚C. (Crisosto et al.,
1993)
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Table 5.4. Critical temperature thresholds for the production of citrus, grape and maple at various phenological stages.
Phenological stage

Citrus

Grape

Maple

Winter hardiness/chill
accumulation(chillunits)

not generally thought to
need chilling

90-1400 ; 4˚C budbreak; 7˚C base leaf appearance. (Moncur et al., 1989; Reginato et al., 2010)

1000-1200;
7˚C base
(Wilson et al.,
2002)

Freezesusceptibilityof
flowers

-2 to -3˚C (Snyder and MeloAbreu, 2005)

-1˚C (Snyder and Melo-Abreu, 2005)

nd

High temperature pulse of 20-30˚C previous year during
Pre-bloomflowerdevelop- 5 weeks of 10˚C day or
ment/floralinitiation
night required for initiation;
stage 5-7 is required for initiation. (Srinivasan and Mullins,
Hardening -4/8˚C (min/max); 1980; Caprio and Quamme, 2002
pre-bloom 0/14˚C; flowering
10/27˚C with daily mean
>20˚C to begin. (Bustan et
al., 1996; Iglesias et al., 2007;
Cole and McLeod, 1985;
Moss, 1976)

nd

Effectsonpollination

High temperatures < pollination period. Low temperatures > time for pollination.
(Iglesias et al., 2007)

12/9˚C and 15/10˚C (day/ night) reduced pollen growth
and ovule viability. (COOMBE and MAY 1995; Srinivasan
and Mullins, 1980)

nd

Fruitset/fruitdrop

Temperatures >30˚C increased fruit drop; optimum
range 22/27˚C (min/max).
Iglesias et al., 2007; Cole and
McLeod, 1985; Bustan et al.,
1996)

Temperatures ≥26°C were associated with good production, probably because warm temperatures are required
for flower bud initiation and development. (Caprio and
Quamme, 2002).

nd

Chemical thinning

Temperatures >30˚C removes not a standard cultural practice
excessive fruit. (Guardiola
Garcıa-Luis, 2000)

Maturity/harvesting

Brix and acid decline with increasing effective heat units
with the optimum range of
13 to 27˚C; > 33˚C reduces
size; high temperatures can
lead to re-greening. (Bustan
et al., 1996; Iglesias et al.,
2007; Hutton and Landsberg,
2000;

not a standard cultural
practice

Temperatures>36˚C reduce production. 14.0–16.0˚C
best range for Pinot Noir. 16.5–19.5˚C best temperature
range for Cabernet Sauvignon best. Temperatures >35˚C
decreases anthocyanins in Cabernet Sauvignon. 15˚C is
optimal for color and anthocyanin development. Acidity
can be halved with 10˚C increase in temperature and variation in maturity increases with temperature. (Jones et al.
2005; Diffenbaugh et al., 2011; Jones, 2005; Lobell et al.,
2006; Jones and Goodrich, 2008; Poudel et al., 2009; Mori
et al., 2007; Woolf and Ferguson, 2000; Spayd et al., 2002;
Caprio and Quamme, 2002)

Table 5.5. Critical temperature thresholds for the production of peach, pear and raspberry at various phenological stages.
Crop

Phenological stage
Pre-bloom flower development/floral initiation Chemical thinning

Fruit

Apple

<30% full sun reduces floral initiation. (Wilkie
et al., 2008)

3 days of cloudy weather greatly
increase thinning at optimal temperature. (Stover and Greene, 2005)

> 1200 mmol/m2/s with fruit
surface temperature > 45˚C.
(Chen et al., 2008)

Blueberry

nd

not a standard cultural practice

Cherry

>20% full sun needed. (Flore and Layne, 1999)

not a standard cultural practice

Citrus

750-1000 mmol/m /s are required in the canopy
for floral initiation. (Germana et al., 2003)

not a standard cultural practice

Grape

10 hr of full sun/day in florescence development not a standard cultural practice
period. (Srinivasan and Mullins, 1981)

Maple

not a standard cultural practice

Peach

nd

2

< 23% full sun reduced color
and soluble solids content.
(Marini et al., 1999)

Pear

>30% full sun needed. (Wertheim, 2000)

nd

Raspberry

nd

not a standard cultural practice
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On average, above-ground biomass increased by
60% in elevated CO2 across the crops reviewed here.
On the other hand, root-to-shoot ratio remained similar in apple (Chen et al. 2002) and citrus (Kimball
et al. 2007), and slightly increased in cherry (Druta
2001). A rapid increase in tree leaf area during the
early season accelerates early growth and biomass
accumulation, especially in open canopies (referred
to as “compound interest effect” by some) (Norby
et al. 1999; Körner 2006). However, this accelerated growth response, such as shown in apple (Chen
et al. 2001) and cherry (Centritto et al. 1999a),
is likely to be less pronounced in a dense closed
canopy in which the leaf area index (LAI) is more
or less stable, so that competition for light and
other resources are high (Norby et al. 1999). This is
particularly true for natural systems where belowground resources such as nutrients, soil moisture, and
space are major limiting factors.

valley of California declines 0.08 to 0.169 days/year
(Gutierrez et al. 2006). Results of citrus production
simulations without CO2-induced response (Rosenzweig et al. 1996; Tubiello et al. 2002) indicate that
production may shift slightly northward in the Southern States due to reduced frost frequency.
Enhanced Atmospheric Carbon Dioxide
Experimental studies on perennial specialty crops
have reported a sustained stimulation of photosynthesis and growth under elevated CO2 similar to the
findings from forest tree species (Curtis and Wang
1998) grown in open-top chambers (Norby et al.
1999) or FACE systems (Ainsworth and Long 2005).
For example, leaf area-based net CO2 assimilation
at saturating light and growth was enhanced by an
average of 44% in select fruit crops (Tables 5.7, 5.8,
5.9). Some of these crops have exhibited detectable
reductions in photosynthetic rates (e.g., apple, citrus),
while others show mixed (e.g., cherry) or little acclimation (e.g., grape, peach). Stomatal conductance
to water vapor in general was reduced in these crops
grown at elevated CO2 by an average of 23%, which
is similar to reported tree response in forest ecosystems (Medlyn et al. 2001). This increased assimilation under elevated CO2 resulted in a considerable
increase in leaf water-use efficiency (58%). A similar
response was reported at the crop-level water-use
efficiency in several crops (i.e., cherry, citrus, and
peach) (Tables 5.7, 5.8, 5.9). However, despite a
considerable increase in water-use efficiency at both
leaf and crop levels, the actual amount of crop water
use remained similar. This is likely because of an
increase in tree leaf area in response to elevated CO2.

It has been suggested that long-term, natural
responses to increasing CO2 are likely to be less drastic than what has been reported in short-term experiments where plant-soil and/or plant-atmosphere
connection have been decoupled (Körner 2006).
However, many orchard and other perennial specialty
cropping systems are highly managed with ample
fertilization, irrigation, spacing, canopy management,
thinning and pruning, and other cultural practices to
realize high yield and produce quality. With relatively larger sinks for carbohydrates (e.g., fruit load
and wood formation) than annual field crops, it is
conceivable that initial stimulation of high CO2 is
sustained and in some cases amplified in perennial

Table 5.6. Solar radiation thresholds of perennial specialty crops at various phenological stages.
Crop

Phenological stage
Pre-bloom flower development/floral initiation Chemical thinning

Fruit

Apple

<30% full sun reduces floral initiation. (Wilkie
et al., 2008)

3 days of cloudy weather greatly
increase thinning at optimal temperature. (Stover and Greene, 2005)

> 1200 mmol/m2/s with fruit
surface temperature > 45˚C.
(Chen et al., 2008)

Blueberry

nd

not a standard cultural practice

Cherry

>20% full sun needed. (Flore and Layne, 1999)

not a standard cultural practice

Citrus

750-1000 mmol/m /s are required in the canopy
for floral initiation. (Germana et al., 2003)

not a standard cultural practice

Grape

10 hr of full sun/day in florescence development not a standard cultural practice
period. (Srinivasan and Mullins, 1981)

Maple

not a standard cultural practice

Peach

nd

2

< 23% full sun reduced color
and soluble solids content.
(Marini et al., 1999)

Pear

>30% full sun needed. (Wertheim, 2000)

nd

Raspberry

nd

not a standard cultural practice
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While multiple studies examined biomass and allocation response to elevated CO2, few studies report
fruit yield response (Idso and Kimball 1997; Bindi
et al. 2001; Ito et al. 2002). Even fewer studies have
addressed the effects of elevated CO2 on produce and
product quality with the exception of wine grapes
(Bindi et al. 2001; Goncalves et al. 2009; de Orduna
2010). Produce and product quality measures are
likely to reflect different biochemical and physiological pathways of interactions between CO2, nutrients

specialty crops. One such case study is a long-term
CO2 enrichment experiment on citrus that ran for 17
years in Maricopa, Arizona, in which the enhancement in biomass accumulation under elevated CO2
was sustained at 70% after a peak stimulation occurring in only 2 to 4 years (Kimball et al. 2007). A less
dramatic but still consistent and considerable CO2
stimulation has been also observed in citrus grown
using open-top chambers in humid Florida (Allen
and Vu 2009).

Table 5.7. Physiological response of apple, blueberry, and cherry to a doubling of atmospheric carbon dioxide.
Physiological parameter

Apple

Leaf Amax

+39% (Ro et al., 2001)

Canopy photosynthesis

+100% (Pan et al., 1998)

Photosynthetic acclimation

Down-regulation (Chen
et al., 2001; Chen et al.,
2002a; Druta, 2001; Pan
et al., 1998)

Blueberry

Cherry
-19% (Atkinson et al., 1997)

No change (Centritto, 2005);
Down-regulation (Druta, 2001), (Centritto et al., 1999c)
(Atkinson et al., 1997) (Wilkins et al., 1994)

Stomatal conductance

Down (Centritto et al., 1999c)
-52.5% (Atkinson et al., 1997)

Stomatal density
Leaf transpiration
Crop water use

No change (Centritto et al., 1999c)
-27~33% (Chen et al.,
2001)

Down (Centritto et al., 1999b)

+13-16% (Chen et al.,
2002c)

No change (-5.3%) (Centritto et al., 1999b)

Down -49% (Atkinson et al., 1997)

Leaf water use efficiency (WUE)

Up 66% Atkinson et al., 1997)

Crop WUE
Leaf area

Up 47% (Centritto et al., 1999b)
+64% (55.3~73%)
(Chen et al., 2002c)

+25% (Centritto et al., 1999b)

+81%
(Chen et al., 2002a)

+20% (Druta, 2001)

+40% Starch, sucrose
(Chen et al., 2002b)

No change except a reduction of [fructose] in leaf and
root (Centritto, 2005)

Sucrose, starch increased
(Pan et al., 1998)

Starch increased (Centritto et al., 1999c)

+27% after 10 mon (Atkinson et al., 1997)

Leaf temperature
Biomass

+40% (Centritto et al., 1999a)

Yield
Leaf chemistry (Non structural
carbon etc.)

Leaf sucrose increased,
sorbitol decreased, Phloridzin decreased, (Kelm
et al., 2005)
Root/shoot

No change (Chen et al.,
2002a)

increase (Druta, 2001)
up (Centritto et al., 1999b)

Leaf [N]

Down. Reduction depends on DOY (Centritto et al., 1999c)

Interaction with N

No response in low N, positive response in adequate N
(Wilkins et al., 1994)

Interaction with salinity
Fruit quality

NA

Interactions with mycorrhizae
Interactions with pest damage
Development

Accelerated (Chen et al.,
2001)

Accelerated (Centritto et al., 1999a)
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Table 5.8. Physiological response of citrus, grape and maple to a doubling of atmospheric carbon dioxide.
Crop
Leaf Amax

Citrus
+45% (Adam et al., 2004)
+39% (Vu et al., 2002)

Grape
+34% (MouthinhoPereira et al., 2009)

Maple
+59% at 200ppm + (Deluca and Thomas,
2000)
+69% (Groninger et al., 1996)
+68% (Kubiske and Pregitzer, 1996)

Canopy photo
synthesis

+93% average of two temps (Brakke and
Allen, 1995) (Baker and Allen Jr, 1993)

Photosynthetic
acclimation

Down-regulation, -25% (Adam et al., 2004)
Down-regulation with Rubisco down (Vu et
al., 2002)
Down-regulation (Keutgen and Chen, 2001)

No change
(Mouthinho-Pereira
et al., 2009)

Stomatal
conductance

+33% (Adam et al., 2004)
-28% (Vu et al., 2002)

-15% (MouthinhoPereira et al., 2009)

-28.5% (McElrone et al., 2005)
(Bunce, 1992)

Stomataldensity

No change (Estiarte et al., 1994)

-18.6% (MouthinhoPereira et al., 2009)

No change (McElrone et al., 2005)

Leaftranspiration

+26% Arizona FACE (Adam et al., 2004)
-31% (Vu et al., 2002)

-12% (ns) (MouthinhoPereira et al., 2009)

Crop water use

-30% avg of two temps (Baker and Allen Jr,
1993)

Leaf water use
efficiency(WUE)

Up 76% (Vu et al., 2002)
+14.7% (Adam et al., 2004)

CropWUE

Up 80% (Leavitt et al., 2003)

Leaf area

+12% (Kimball et al., 2007)

(+, 0, )

Up 69.4%( MouthinhoPereira et al., 2009)

Leaf temperature
Biomass

+27% total biomass (2 yrs, chamber) (Allen
and Vu, 2009)
+70% total biomass (17 yrs, FACE) (Kimball
et al., 2007)
+78%, wood biomass (Adam et al., 2004)

+45~50% (Bindi et al.,
2001)

Yield

Fruit number (more than doubled after
6 years) and volume increased (Idso and
Kimball, 1997)

+42.5% (MouthinhoPereira et al., 2009)
+45~45% (Bindi et al.,
2001)

Leafchemistry
(Nonstructural
carbonetc.)

+166% (Vu et al., 2002)

+14% [sugar] (Bindi
et al., 2001)

C/N ratio up (+20%) Phenolics (-15%)
Tannins (-14%) (McElrone et al., 2005)
Soluble C up (+38.9%) (Bauer et al., 2001)
TNC/N up by 31% (Williams et al., 2000)

Root/shoot

No change (Kimball et al., 2007)

Leaf [N]

-11% (Adam et al., 2004)
-18.5% (Keutgen and Chen, 2001)
-10% in initial years (Penuelas et al., 1997)
No change after 17 years (Kimball et al.,
2007)

-9.3% (MouthinhoPereira et al., 2009)

-20% (McElrone et al., 2005)
Reduction (Bauer et al., 2001)
-14.5% (Williams et al., 2000)
-25% (Norby et al., 2000)

InteractionwithN

No change (Kimball et al., 2007)

Interactionwith
salinity

(Garcia-Sanchez and Syversten, 2006)

Fruit quality

Interactionswith
mycorrhizae

+51~92% (Norby et al., 2000)
No response after 1 yr (Edwards and
Norby, 1999)
+33.8% greenhouse study (Groninger et
al., 1996)

No change in wine
quality (De Orduna,
2010)
No difference in wine
quality (Bindi et al.,
2001)
Berry and wine quality
unaffected (Goncalves
et al., 2009)
CO2 effect became more beneficial with AM
(Syversten and Graham, 1999)

Interactionswith
pestdamage

Reduced (-19%) foliar disease (McElrone
et al., 2005)
Gypsy moth growth decline by 39% (Williams et al., 2000)

Development
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(N in particular), temperature, and pest damage.
Several studies have examined leaf chemistry of fruit
trees grown in elevated CO2 (Centritto et al. 1999b;
Centritto 2002; Adam et al. 2004; Moutinho-Pereira
et al. 2009). In these studies, leaves grown under
elevated CO2 had about 15% lower nitrogen concentration on average. Similarly, significant increases in
leaf sucrose, starch, and overall carbon-to-nitrogen
ratio have also been found in several studies (Pan
et al. 1998; Chen et al. 2002; Vu, Joseph C. V. et al.
2002; McElrone et al. 2005).

to facilitate the positive CO2 effects by balancing source-sink relations for carbohydrates. This
will likely require maintaining intensive cropping
systems. In addition, the positive CO2 effect may be
negated by the detrimental effects of extreme temperatures on phenology, carbon sinks, and reproductive physiology.
Ozone Effects
As reviewed by Fuhrer (2009), when elevated ozone
is combined with elevated CO2, yield loss is typically
considerably less than with ozone alone. The
protective effect of CO2 is primarily due to reduced
stomatal conductance reducing ozone flux into the
leaf, and this mechanism is associated with elevated
CO2. Consequently, ozone can also diminish the
stimulating effect on yield of elevated CO2, and the
CO2 protection from ozone effects also becomes less
effective with increasing temperature.

In summary, perennial specialty crops exhibit physiological and growth response that are similar to trees
in forest and other unmanaged ecosystems. The CO2
fertilization effect may be amplified and sustained
longer for perennial specialty crops if (1) other
resources (e.g., nutrients and water availability) are
amply supplied, and (2) proper management options
(e.g., spacing, pruning, thinning) are p racticed

Table 5.9. Physiological response of peach, pear and raspberry to a doubling of atmospheric carbon dioxide.
Physiological parameter
Leaf Amax

Peach

Pear

+58.5% well water, OTC (Centritto et al.,
2002)

Raspberry

+88% estimated from Fig. 1 (Ito et
al., 2002)

Canopy photosynthesis
Photosynthetic acclimation
(+, 0, -)

No down regulation (Centritto, 2002)

Stomatal conductance

No change (Centritto et al., 2002)

Reduced (Ito et al., 2002)

Stomatal density
Leaf transpiration

No change (Centritto et al., 2002)

Crop water use
Leaf water use efficiency (WUE)

Up 51% (Centritto et al., 2002)

Crop WUE

Up 57% (Centritto et al., 2002)

Leaf area

No change, +3.7% (Centritto et al., 2002) No change (Ito et al., 2002)

Increased (Ito et al., 2002)

Leaf temperature
Biomass

+33% (Centritto et al., 2002)

Stem biomass increased (Ito et al.,
2002)

Yield

Fruit size increased (Ito et al., 2002)

Leaf chemistry (Non structural
carbon etc.)
Root/shoot
Leaf [N]

-16.5% (Centritto et al., 2002)

Interaction with N
Interaction with salinity
Fruit quality
Interactions with mycorrhizae
Interactions with pest damage

Variable interactions with aphids
depending on genetic susceptibility
(Martin and Johnson, 2011)

Development
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In addition to increasing numbers and viability of
insects, climate change may jeopardize biological
control successes. For example, in California,
DeBach and Sundby (1963) introduced a series of
parasitoid species to control California red scale
on citrus. These releases resulted in a sequence of
climatically adapted parasitoids displacing each other
in some areas. This displacement occurred until each
species established itself in the subset of Californian
environments most favorable for its development.
Similarly, extensive biological control efforts are
underway to control the vine mealybug (VMB),
a major pest of grape production in California
(Gutierrez 2005). High VMB densities occur in
northern regions and in coastal regions of southern
California, while VMB is less abundant in dryer
warmer regions. The distribution and abundance of
VMB’s natural enemies is patchy across the different
grape growing regions. While sucess to date has been
elusive, if biological control of VMB is established,
climate change could adversely affect it by changing
the climatic conditions of the area. As is the case
with other ecosystems, a forest ecosystem FACE
study shows leaf chemistry changes under elevated
CO2 that have led to a decline in the growth rate of
Gypsy moth larvae by 39%. Temperature, however,
did not affect the growth or consumption rate by
larvae in red maple (Williams et al. 2000). This result
illustrates the complex linkage between direct and
indirect effects of climate change on crops.

Solar Radiation Effects
Perennial specialty cropping systems require high
light intensity and light quality for both biomass production and fruit quality (Jackson 1980; Dokoozlian
and Kliewer 1996). Pruning and training systems
optimize light interception and distribution within
the canopy to increase fruit quality. Excessive light
can result in solar damage/sunburn, while insufficient
light can reduce fruit bud formation, color development, soluble solids development, and fruit size
(Table 5.6).
Disease
In eastern Washington State, a cherry powdery
mildew is predicted to increase under the Community Climate System Model, version 3 (CCSM3;
2020 only) and the Coupled Global Climate Model,
version 3 (CGCM3) climate projections (Stöckle et
al. 2010). There will be small increases or no change
in the risk from grapevine powdery mildew for all
climate projections. Overall, warmer climate, but
with small changes in precipitation during the growing season, tends to maintain and eventually reduce
the incidence of these diseases, unless an increase
in precipitation occurs early in the growing season
(Stöckle et al. 2010).
In the Northeastern United States, the projected
increase in short- to medium-term drought (Hayhoe
et al. 2007) will tend to decrease the duration of leaf
wetness and reduce some forms of pathogen attack
on leaves. However, an increase in humidity and
frequency of heavy rainfall events projected for the
Northeast (Frumhoff et al. 2006) will tend to favor
some leaf and root pathogens (Coakley et al. 1999),
and the projected increased rainfall frequency (Frumhoff et al. 2006) may reduce the efficacy of contact
fungicides, requiring more frequent applications. In
forest ecosystems, maple is expected to have reduced
(-19%) foliar disease (McElrone et al. 2005) with
doubled CO2.

Effects of Changing Water Constraints
Increased drought frequency in the Northeast,
together with warmer growing season temperatures
will result in greater crop water requirements (Wolfe
et al. 2008). Perennial specialty crops have reduced
yield and quality in association with water deficits,
and reduced profits as a result. While many producers of perennial specialty crops in the Northeast have
some irrigation equipment, most have not invested in
enough equipment to optimize irrigation scheduling
and fully meet evapotranspiration requirements of all
of their acreage (Wilks and Wolfe 1998).

Insects
A warming trend is likely to lead to increased
pesticide use in the Northeast due to earlier arrival
of migratory insects, higher winter-time survival of
insects that currently are only marginally adapted to
the region, and more generations of insects within a
single season (Wolfe et al. 2008). In addition, some
classes of pesticides (pyrethroids and spinosad), key
to protecting perennial specialty cropping systems,
have been shown to be less effective in controlling
insects at higher temperatures (Musser and Shelton
2005).

Elsner et al. (2010) simulated the hydrology of Washington State and the Yakima River Basin, projecting
April 1 snow water equivalents (SWE) to decrease
by 28% to 30% across the State by the 2020s, 38%
to 46% by the 2040s, and 56% to 70% by the 2080s.
In the Yakima Basin, April 1 SWE will decrease by
35% to 37% by the 2020s, 47% to 57% by the 2040s,
and 68% to 82% by the 2080s. The peak weekly
SWE historically occurs near mid-March. Projections
of weekly SWE for the 2020s indicate that SWE will
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be reduced by an average of 39% to 41%. The peak
week is projected to shift to early or mid-March. By
the 2040s, SWE will be reduced by 50% to 58% with
a peak projected to occur near early March, and by
67% to 80% by the 2080s with a peak projected to
occur near mid-February.

select crops is outlined in Tables 5.7, 5.8, and 5.9. In
general, water-use efficiency (i.e., biomass or yield
per water use) in perennial specialty crops is likely
to increase because of reduced stomatal conductance
and growth stimulation under high CO2. However,
overall water use in many crops is likely to remain
similar or even increase as a result of corresponding
increase in leaf area.

Similarly in California, Miller et al. (2003) simulated the hydrology for the Sacramento, American,
and Merced Basins. SWE decreases for most basins,
and the peak discharge is earlier for all basins by
2080 to 2099. There is an early season increase in
liquid water from 2010 to 2099, with earlier snowmelt seasons with a slower snow melt rate. Reductions in growing season irrigation water will greatly
limit perennial specialty crop production in the arid
and semi-arid production regions unless sufficient
water is stored in reservoirs and made available for
irrigation. Late season crops will feel this effect
most because of the increased water-use later in the
growing season due to higher temperatures. The
effect on crop wateruse efficiency of elevated CO2 on

In another regional analysis for the U.S. West Coast,
Lobell et al. (2006) examined the effects of climate
change on yields of perennial crops in California.
The research combined output from numerous
climate models with statistical crops models for
almonds, walnuts, avocados, wine grapes, and
table grapes. The results show a range of predicted
temperature increases across climate models of
approximately 1°C to 3°C for 2050, 2°C to 6°C for
2100, and a range of changes in precipitation from
-40% to +40% for both 2050 and 2100. Wine grapes
showed the smallest yield declines compared to
other crops, but showed substantial spatial shifts in

Case Study of Grapes in the United States
White et al. (2006) demonstrated that U.S. premium wine grape production area could decline up
to 81% by the late 21st century.They found that increases in heat accumulation will likely shift wine
production to warmer climate varieties and/or lower quality wines and that while frost constraints will
be reduced, increases in the frequency of extreme hot days (>35°C) in the growing season are projected
to completely eliminate wine grape production in many areas of the United States.Grape and wine
production will likely be restricted to a narrow West Coast region and the Northwest and Northeast –
areas where excess moisture is already problematic. Jones (2007) examined suitability for viticulture in
the western United States, and contrived five regions broad suitability for viticulture across cool to hot
climates, as well as the varieties that grow best in those regions. The cooler region (I) occurs at higher in
elevation, and more coastal, and more northerly regions (e.g., the Willamette Valley), while the warmest
region (V) areas are mostly confined to the Central Valley and further south in California (e.g., the San
Joaquin Valley). Based on the historical record, 34% of the western United States falls into regions I-V,
with 59% being too cold and 7% too hot. Region I encompasses 34.2%, Region II 20.8%, Region III
11.1%, Region IV 8.7%, and Region V 25.2%. According to Jones (2007), using projections for average
growing season temperatures from the Community Climate System Model (CCSM) of 1.0°C to 3.0°C
for 2049 results in a range of increases in growing degree-days of 15% to 30%. For a 15% increase in
growing degree days by 2049, the area of the western United States in Regions I-V increase from 34%
to 39%, and at the higher range of a 25% increase in growing degree days, increases by 9% to 43%.
Overall the changes show a reduction in the areas that are too cold from 59% to 41%, while the areas
that are too hot increase from 7% to 16% in the greater warming scenario. Within the individual regions
there are shifts to predominately more land in Region I (34.2% to 40.6%), smaller changes to Region
II (20.8% to 23.4%), Region III (11.1% to 14.2%), and Region IV (8.7% to 10.1%), and a reduction of
Region V area from 25.2% to 11.6%, which shifts the regions toward the coast, especially in California,
and upwards in elevation (most notably in the Sierra Nevada Mountains).
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suitability to more coastal and northern counties.
For oranges, walnuts, and avocados, not only are
areas with the potential for high yields dramatically
reduced, but the areas with appropriate climate tend
to be in dry or mountainous regions with limited
opportunities for agriculture. Less than 5 percent
of simulations for almonds, table grapes, walnuts,
and avocados indicated a zero or positive response
to climate change by midcentury. Two main factors
contribute to this result: (1) all of these crops are
either at or above their optimum temperatures in
current climate, and all climate models project at
least some climate warming; and (2) all of these
crops are irrigated, so precipitation projections have
a relatively minor effect. The authors also note that
historical increases in yield have low attribution
to climate trends and were due more to changes in
cultural and genetic technology.

Case Study of Apple Production
in the Northeastern United States
According to Wolfe et al. (2008), an extended
frost-free period as projected for the Northeast
(Frumhoff et al. 2006; Hayhoe et al. 2007) will
tend to benefit perennial specialty cropping
systems requiring a relatively long growing
season such as apples, peaches, and grape
varieties. However, projections for an increase
in summer heat stress and drought can reduce
yield and crop quality. In contrast, Wolfe et al.
(2008) found that apple yields for western
New York (1971–1982) were lower in years
when winters were warmer than average
(based on accumulated degree days >5°C

At a higher emissions scenario, within just the next
few decades (2010–2039), a 5-to-10-day increase in
the number of July heat stress days is projected for
the southern half of the U.S. Northeast (i.e., much of
Pennsylvania, New Jersey, Delaware, Connecticut,
and southern New York). Under a lower emissions
scenario, the climate change effect does not become
substantial until midcentury (2040-2069). By the end
of the century (2070–2099), with higher emissions,
most days in July are projected to exceed the 32°C
heat stress threshold for most of the Northeast. Even
assuming relatively lower emissions, much of the
Northeast is projected to have 10 to 15 more days of
heat stress in July by the end of the century, except
for some northern areas (e.g., northern Maine and
Vermont), where the increase is in the range of 5
to 15 days. The projected increase in summer heat
stress will be particularly detrimental to many cool
temperature-adapted crops (e.g., apple) that currently
dominate the Northeast agricultural economy. For
many high value horticultural crops, very short term
(hours or a few days), moderate heat stress at critical
growth stages can reduce fruit quality by reducing
visual or flavor quality even when total tonnage is
not reduced (Peet and Wolfe. 2000).

from January 1 to budbreak). This was likely
related to more variable fruit set following
warmer winters. Wolfe et al. (2008) compared
projections of summer heat stress frequency
(increase in number of days with maximum
temperature exceeding 32°C) for the increase
in number of heat-stress days in the month of
July at early-, mid-, and late-21st century.

requirement will continue to be met for most of
the Northeast during this century regardless of
emissions scenario. However, crops with prolonged
cold requirements (1,000 or more hours) could
be negatively affected, particularly in southern
sections of the Northeast, and at the higher emissions
scenario, where less than 50% of years satisfy the
chill requirement by mid-21st century. The effect on
crops will vary with species and variety since each
species has a range of cultivars with widely varying
chill requirements (Tables 5.3, 5.4, and 5.5).
There is a historical trend for increased frequency
of high-precipitation events (>5 cm in 48 h) (Wake
2005) in the Northeast, and this trend is expected
to continue with a further increase in the number of
high-precipitation events of 8% by midcentury and
12% to 13% by the end of the century (Frumhoff
et al. 2006). More spring rainfall concentrated into
high-precipitation events, combined with stable to
modest reductions in summer and autumn rainfall
and increased temperatures, leads to a projection
for more short- (1- to 3-month) and medium-term
(3- to 6-month) droughts for the region, particularly
in the northern and eastern parts of the region
(Frumhoff et al. 2006; Hayhoe et al. 2007). Drought

An increase in winter temperatures will affect the
Northeast perennial specialty cropping systems. Midwinter warming can lead to early bud-burst or bloom
of some perennial plants, resulting in frost damage
when cold winter temperatures return. Yields will
be negatively affected if the chilling requirement is
not completely satisfied because flower emergence
and viability will be low. All perennial specialty
crops have a winter chilling requirement ranging
from 200 to 2,000 cumulative hours. Wolfe et al.
(2008) analyzed the future chill requirements of
the Northeast and found that a 400-hour chilling
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frequency is projected to be much greater at the
higher Intergovernmental Panel on Climate Change
(IPCC) emissions scenario (A1F1), as compared to
lower (B1) emissions scenario, according to Wolfe
et al. (2008). By the end of the century and with
higher emissions, short-term droughts are projected
to occur as frequently as once per year for much of
the Northeast, and occasional long-term droughts (>6
month) are projected for western, upstate New York,
where perennial specialty crops are a major industry
(Wolfe et al. 2008).

is identifying genes associated with climate change
(Hancock et al. 2011) that will benefit perennial
specialty crops in the future. While projections of
future climate indicate average warmer temperatures
will affect crops, in today’s environment, increased
temperatures already reduce plant productivity. To
deal with current temperature issues, technology
such as application of reflective particle films (Glenn
2009) has been developed and commercialized that
reduces canopy and fruit temperature, increasing
yield and quality in the face of increasing growingseason temperatures (Figure 5.2).

Adaptation
Development of adapted cultivars is the long-term
solution of perennial specialty cropping systems in
a changing climate. There is wide variety of adapted
cultivars that can be evaluated for new regions.
Typical breeding programs require 10 to 30 years to
confirm and improve a cultivar. Recent technology
demonstrates how this breeding hurdle can be
overcome using molecular approaches (Kean 2010;
Srinivasan et al. 2010) to reduce perennial crop
generation time to months instead of years. Since
perennial specialty crops have a chill requirement
(the minimum period of cold weather after which
a fruit-bearing tree will blossom), it is necessary to
induce and end dormancy at times in the growing
season that minimize killing frosts both in spring and
fall. This requires that the plant react to day length
instead of temperature patterns. Research on possible
adaptation focused on day length includes work done
by Wisniewski et al. (2010), who transformed apple
from temperature-induced dormancy to photoperiodinduced dormancy using a technology that may be
adaptable for other perennial specialty crops. In
addition to macroscale research, molecular biology

In addition to these adaptations, perennial specialty
crop growers have a wide assortment of management
tools that will help them adjust to climate change.
These include crop load adjustment, canopy pruning,
irrigation, increased use of mechanization, and
automation technology. As examples, overhead
irrigation effectively reduces canopy temperature and
is effective in frost mitigation although it is water-use
inefficient, and the rotatable cross-arm trellis system
of bramble production provides a cultural means
to protect sugar cane from winter damage, frost
damage, and sunburn damage by manipulating cane
crop orientation (Takeda and Phillips 2011).
Grazing Lands and Domestic Livestock
The livestock industry makes a significant
contribution to most rural economies. It accounts
for 40% of the world’s agriculture Gross Domestic
Product (GDP) and in developing countries can
account for as much as 80% of GDP (World Bank
2007a, b). In the United States, the livestock industry
has more than 1 million operations, with annual

Case Study of Apple Production in the Pacific Northwest
According to Stöckle et al. 2009, climate change is predicted to slightly decrease the production of
apples by 1%, 3%, and 4% for the 2020, 2040, and 2080 scenarios with no elevated CO2 effect. Under
a warmer climate, crop development will proceed at a faster rate, reducing the opportunity for biomass
gain. However, when the effect of elevated CO2 and warming is modeled, yields are projected to increase
by 6%, 9%, and 16% for 2020, 2040, and 2080 scenarios compared to current levels, assuming the
availability of varieties able to use the extended season or other adaptive technologies. Although
average temperatures are projected to increase for all climate scenarios, the frequency of frost events
may limit cropping due to earlier flowering. Under the projected climate change, flowering will occur
about three days earlier in the 2020 scenario, which will slightly increase the frequency of frost events,
increasing yield loss from frost damage or increase the need and expense for frost protection. Limited
chill accumulation is not projected to limit apple production in eastern Washington. Water supply was
assumed sufficient for irrigated crops, but other studies suggest that it may decrease in many locations
due to climate change.
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Fig. 5.2. Relationship between the percentage increase in mean
fruit weight of particle film treated fruit of ‘Empire’ apple compared to the control treatment and the mean growing season
temperature from 1998-2007 at Kearneysville, West Virginia.

Case Study of Citrus in the United
States
Tubiello et al. (2002) simulated U.S. citrus
production. Overall, yields increased 20-50%,
while irrigation water use decreased. Crop loss
due to freezing was 65% lower on average in
2030 and 80% lower in 2090, at all sites. In
the primary citrus production areas, Miami,
FL, experienced the smallest increases, 6%
to 15% and the other major production sites
in Arizona, Texas, and California, increases
were 20-30% in 2030 and 50% to 70% in
2090. All sites experienced a decrease in crop
loss from freezing. Potential for northward
expansion of U.S. citrus production was
small because results indicated that in 2030

or total shelter to mitigate thermal environmental
challenges can reduce the risk and vulnerability
associated with adverse environmental events. In
general, livestock such as poultry and swine are
largely managed in housed systems where airflow
can be controlled and housing temperature modified
to minimize or buffer against adverse environmental
conditions. In recent years, these industries
have moved to utilizing more semi-controlled
environmental systems to ameliorate production
problems associated with changing and/or extreme
environmental conditions. While shifts in these
industries were made largely independent of climate
change concerns, they can be adapted for use in an
expected warmer future. However, despite modern
heat-abatement strategies, summer-induced poor
performance still costs the American swine industry
more than $300 million annually (St-Pierre et al.
2003).

and 2090 northern sites of current marginal
production would continue to have lower fruit
yield, higher risk of crop loss due to freezing,
and lower water availability than the southern
sites.

sales totaling $153.6 billion according to the USDA
National Agricultural Statistics Service. Livestock
sales comprise 51.7% of all agricultural commodity
sales. Total number of beef cattle, dairy, swine, and
poultry in the United States, in millions of animals,
are 96, 9, 68, and 9,560, respectively.
Rötter and Van de Geijn (1999) suggest that shifts in
climatic conditions could affect animal agriculture in
four primary ways, through change in (1) feed-grain
production, availability, and price, (2) pastures and
forage crop production and quality, (3) animal health,
growth, and reproduction, and (4) disease and pest
distributions. The ensuing discussion focuses on the
implications for livestock production systems and
potential adaptive responses to climate change (such
as the utilization of different species and genotypes
of animals and forages), changes in facilities
utilized for care and management of livestock, and a
redistribution of livestock in a region (Gaughan et al.
1999; Gaughan et al. 2009).

Greater concerns with regard to climate change
are for animals managed in unsheltered and/or
unbuffered environments. The majority of American
domestic livestock managed in more extensive
outdoor facilities are ruminants (goats, sheep,
beef cattle, and dairy cattle). Within limits, these
animals can adapt to and cope with most gradual
thermal challenges. However, the rate at which
environmental conditions are projected to change,
the extent to which animals are exposed to extreme
conditions, and the inability of animals to adequately
adapt to sudden and/or dramatic environmental
changes, are always a concern. Lack of prior
conditioning to rapidly changing or adverse weather
events most often results in catastrophic deaths in
domestic livestock and losses of productivity in

Effect of Climate Change on Animal Productivity
Livestock production occurs under a variety of
management scenarios and environmental conditions.
Livestock production systems that provide partial
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at a thermal heat index (THI) of 68, this is at least
four THI units lower than was the case for cows 40
years ago when environmental stresses were lower
(Zimbleman et al. 2009).

surviving animals (Mader 2003). Animal phenotypic
and genetic variation, management factors (facilities,
stocking rates, and nutrition), physiological status
(stage of pregnancy, stage of lactation, growth
rate), age, and previous exposure to environmental
conditions may exacerbate the effect of adverse
environmental conditions.

The potential effects of climate change on
overall performance of domestic animals can be
determined using defined relationships between
climatic conditions and dry matter intake (DMI),
climatological data, and General Circulation Model
(GCM) output. Because ingestion of feed is directly
related to heat production, any change in DMI
and/or energy density or nutrient profile of the
diet will change the amount of heat produced by
the animal (Mader 2003; Mader and Davis 2004).
Environmental conditions influence heat transfer by
the animal; however, animals exposed to the same
environmental conditions will not exhibit the same
reduction in DMI. Body weight, body condition, and
level of production also affect DMI; having a better
understanding of what contributes to the variation
in heat-induced DMI decrease is of obvious interest.
In addition to reduced feed intake, heat stress also
directly affects post-absorptive metabolism (Rhoads
et al. 2009), which results in a reprioritization of
nutrient utilization. This altered metabolic hierarchy
and reduced nutrient intake primarily explains why
animals produce less during the warm months.

The optimal environmental conditions for livestock
production are comprised of a range of temperatures
and other environmental conditions for which
the animal does not need to significantly alter
behavior or physiological functions to maintain a
relatively constant core body temperature. Ambient
environmental conditions directly affect mechanisms
and rates of heat gain or loss by all animals (NRC
1981). In many species, 5oC to 7oC deviations
from core body temperature can cause significant
reductions in productive performance and may lead
to death (Gaughan et al. 2009).
As environmental conditions result in core body
temperature approaching and/or moving outside
normal diurnal boundaries, the animal must begin to
conserve or dissipate heat to maintain homeostasis
(Davis et al. 2003; Mader and Kreikemeier 2006).
This is accomplished through shifts in short-term
and long-term thermoregulatory processes (Gaughan
et al. 2002a, b; Mader et al. 2007). The onset of
a thermal challenge often results in declines in
physical activity and an associated decline in eating
and grazing (for ruminants and other herbivores)
activity. In addition, environmental stress may
affect hormonal changes that in turn result in shifts
in cardiac output, redistribution of blood flow to
extremities, altered metabolic rates, and slowed
digesta passage rate.

In the Central United States, a modeling exercise
based on the Canadian Global Coupled Model (CGC)
projections for 2040 and associated with changes
in DMI (Frank et al. 2001; USDA 2008) indicate
that days to slaughter-weight for swine increased
by an average of 3.7 from the baseline of 61.2 days.
Potential losses under this scenario averaged 6%
and would cost swine producers in the region $12.4
million annually. Losses associated with the Hadley
scenario (United Kingdom Meteorological Office/
Hadley Center for Climate Prediction and Research)
are less severe. Increased time to slaughter-weight
averaged 1.5 days or 2.5%, costing producers $5
million annually.

The risk potential associated with livestock
production systems due to changing climatic
conditions can be characterized by levels of
vulnerability as influenced by animal performance
and environmental parameters (Hahn et al. 2005).
When performance level and environmental
influences combine to create a low level of
vulnerability, little risk exists. However, as
performance levels decrease, the vulnerability of
the animal increases. When coupled with an adverse
environment, the animal is at greater risk.

For confined beef cattle reared in the Central
United States, time-to-slaughter-weight associated
with the CGC 2040 scenario increased by 4.8 days
(above the 127-day baseline value) or 3.8%, costing
producers $43.9 million, annually. Climate changes
projected by the Hadley 2040 model resulted in a
loss of 2.8 days of production or 2.2%. For dairy, the
projected CGC 2040 climate scenario would result
in a 2.2% (105.7 kg/cow) reduction in milk output
and cost producers $28 million annually. Production
losses associated with the Hadley scenarios would
average 2.9% and cost producers $37 million
annually. Across the entire United States, percent

Inherent genetic characteristics or management
scenarios that limit the animal’s ability to adapt to
or cope with environmental change also puts the
animal at risk. At very low performance levels,
any environment other than near-optimal increases
animal vulnerability. For example, the modern highproducing dairy cow begins to experience heat stress
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increase in days to market for swine and beef and
the percent decrease in dairy milk production for
the 2040 scenario averaged 1.2%, 2.0%, and 2.2%,
respectively, using the CGC model, and 0.9%, 0.7%,
and 2.1%, respectively, using the Hadley model.
For the 2090 scenario, respective changes averaged
13.1%, 6.9%, and 6.0%, using the CGC model, and
4.3%, 3.4%, and 3.9%, using the Hadley model. For
these scenarios it should be noted that production
losses for the dairy sector were generally not as great
as those found for beef and swine in the U.S. South
and Southeast.

In the above analyses, a hotter and drier climate is
beneficial for livestock because it is projected to
alter the landscape from croplands to pasture suitable
for livestock. At the same time, however, these
changes could lead to reduced feed available from
grain production, lower stocking rates on pasture,
and reduced forage quality. In addition, a number of
pastoral ecosystems in Australia are already marginal
for livestock production, some of which would
potentially become even less usable for grazing
under projected changes in climate.
In the United States, negative effects of hotter
weather in summer likely will outweigh benefits of
warmer winters (Adams et al. 1999). Thus, only a
portion (estimated to be about 50%) of the declines
in domestic livestock production during hotter
summers can be offset by milder winter conditions.
Climate change likely will affect high-producing
animals more than low producers. However, positive
winter effects will not offset summer declines in
conception rates, particularly in cattle that breed
primarily in spring and summer. Hahn (1995)
reported that conception rates in dairy cows were
reduced 4.6% for each unit change in the THI.
Conception rates of Bos taurus cattle declined
by more than 2 percent for each unit increase in
THI, and by 1.5% to 3.8% for each degree Celsius
increase in minimum temperature (Amundson et
al. 2006). Animal productivity, body condition,
geographical location, and seasonal breeding patterns
also influence conception rates (Sprott et al. 2001).

Projected animal production responses based on a
doubling (2040) and tripling (2090) of atmospheric
greenhouse gas CO2 levels for the period June 1 to
October 31 were obtained for the Central United
States (Mader et al. 2009). For swine, a slight
northwest (Montana) to southeast (Louisiana)
gradient was evident. The west side (Montana to
New Mexico) of the Central Plains showed few
production losses with some benefits under the
doubling CO2 scenario, however, losses up to
22.4% were found under the tripling scenario. On
the east side (Minnesota to Louisiana), few to no
losses in productivity were found in the North, but
losses between 40% and 70% were found in the
South under the tripling scenario. For beef, small
changes were found in the Western Plains with
increasing temperatures, although a northwest to
southeast gradient was also evident. Production
losses never exceeded 20% for any location or
under any scenario. For dairy, no positive benefits in
milk production were found due to climate effects.
Projected production declines ranged from 1% to
7.2%, depending on location. However, ranges in
predicted differences were less than those simulated
for beef and swine. These simulations suggest that
regional differences in animal production due to
climate change will be apparent. For small changes
in climatic conditions, animals will likely be able
to adapt, while larger changes in climate conditions
will likely dictate that management strategies be
implemented. Exploration of the effects of climate
change on livestock should allow producers to adjust
management strategies to reduce potential effect and
economic losses due to environmental changes.

Effect of Climate Change on Grasslands
The United States has nearly 480 million acres of
range and pastureland. Approximately one-third of
U.S. lands, or 777 million acres, are grazing lands.
These include 614 million acres of grassland pasture
and rangeland, 36 million acres of cropland pastures,
and 127 million acres of forested rangelands
(Nickerson et al. 2007). Grazing land acreage has
steadily declined from 1,061 million acres in 1945
when the USDA Economic Research Service began
its major land use surveys. Loss of grazing lands
occurs for a variety of reasons. Cropland pastures
convert to croplands when commodity prices are
high. Recreation, wildlife, and environmental
applications have claimed many of these lands.
Favorable weather can cause shifts toward forestry,
especially in the South. Urbanization has resulted
in substantial losses of grazing lands throughout the
country.

International studies may shed some light on what
U.S. agricultural producers might expect from future
climate changes. Seo and McCarl (2011) project that
under the hotter and drier conditions anticipated for
Australia, sheep would increase in number by 122%,
beef cattle by 211%, dairy cattle by 29%, and pigs
by 71%. On the other hand, sheep would increase
by only 22% if summers become wetter. Livestock
revenue is anticipated to increase by 47% by 2060.

Grazing land changes differ notably by geography.
For instance, non-forested grazing lands grew by
28 million acres in the Southern Plains, and by 1
million acres in the Southeast between 1949 and
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2007, while decreases in large tracts of Federal
lands for wilderness resulted in large reductions in
grazing lands in the West. In general, climate change
would add to the challenges and uncertainty posed
by a growing population in the United States that
is putting additional pressures and expectations on
the goods and services expected from grazing lands
(Morgan et al. 2008; Havstad et al. 2009).

the length of growing season of C4 grasses while
limiting the productive period and economic benefit
of over-seeded C3 grasses and legumes.
Precipitation Effects
Our capacity to predict precipitation patterns is
limited, but it is clear that changes in precipitation
could dramatically affect grazing lands. Annual
precipitation amount is the key driver affecting
ANPP in native grasslands (Sala et al. 1988),
although seasonal distribution of precipitation can be
as important as total precipitation. The anticipated
change in precipitation into fewer but larger events
may increase both the frequency of drought and
the probability of flooding (Knapp et al. 2008).
In general, grazing land response to precipitation
depends on complex interactions among quantity,
frequency, and size of precipitation events (Fay et al.
2008). Local or regional differences in evaporative
demand, plant communities, and soil type regulate
effects of more variable precipitation patterns on
soil water dynamics, plant utilization, and species
responses (Noy-Meir 1973; Bates et al. 2006; Knapp
et al. 2008; Craine et al. 2010; Debinski et al. 2010;
Whitford and Steinberger 2011). Even though ANPP
and biodiversity can respond strongly to these altered
dynamics (Bates et al. 2006; Robertson et al. 2010;
Derner et al. 2011), results differ substantially among
grazing land ecosystems. For instance, larger but less
frequent precipitation events tend to decrease ANPP
and other critical ecosystem functions in tallgrass
prairie, but enhance ANPP in shortgrass steppe
(Knapp et al. 2008; Heisler-White et al. 2009; Fay et
al. 2011).

Temperature Effects
Temperature exerts two basic, controlling effects
on grazing-land ecology by regulating (1) rates of
chemical reactions, and (2) exchanges of energy
between the agroecosystem and the atmosphere, with
water supply often modulating the influence of these
temperature-driven effects. This is most pronounced
for rangelands, where water is the primary ecological
driver (Noy-Meir 1973; Sala et al. 1988). Thus,
an understanding of the combined effects of rising
temperature and changing precipitation patterns is
necessary to forecast effects on grazing lands.
Results from recent warming and observational
experiments support earlier work (Dukes et al. 2005;
Klein et al. 2007) indicating that compensating
effects of temperature result in earlier spring
green-up (Cleland et al. 2006; Sherry et al.
2007; Hovenden et al. 2008), increased nitrogen
mineralization (Luo et al. 2009), and higher earlyseason growth rates with more severe mid- and lateseason desiccation (Cleland et al. 2006).
While aboveground net primary production (ANPP)
is relatively stable in grassland species (Xia et al.
2009; Fay et al. 2011; Morgan et al. 2011; Pendall et
al. 2011), warming can reduce ANPP by increasing
desiccation, as it did in a cool temperate climate for
grassland assemblages (De Boeck et al. 2008), or
increase ANPP, as it did in an Oklahoma tallgrass
prairie, where deep soils contained sufficient soil
moisture to support a 21% ANPP increase (Luo et al.
2009). Because grazing lands are highly dependent
on inherent environmental conditions, warming
effects on these lands likely will differ regionally.
In the Southwestern United States where water
already exerts a major limitation on ANPP, rising
temperature in combination with altered precipitation
is expected to increase droughts (Seager and
Vecchi 2010), with negative effects on grazing land
productivity. In the northern Great Plains, where low
temperatures can sometimes restrict growing season
length, warmer temperatures alone or in combination
with increased annual precipitation amounts should
increase forage production (Morgan et al. 2008). In
the Southeast, warmer temperatures are expanding
the northern range of species once limited to the Gulf
Coast Region (Gates et al. 2004) and may increase

Based on results from a unique multi-factor climate
change experiment, Fay et al. (2011) propose the
following conceptual model of grassland responses
to warming and altered precipitation:
• Inter-annual climate variation, mainly related
to growing-season rainfall, drives inter-annual
variation in average soil moisture and rates of key
ecosystem processes.
• Increased growing-season rainfall variability
reduces rates of most ecosystem processes, resulting in lower ecosystem rainfall-use efficiency.
• Warming stimulates rates of ecosystem processes
active during cooler parts of the growing season,
but increased rainfall variability and warming
during the middle, warmer, and water-limited
portions of the growing season likely will reduce
rates of ecosystem processes.
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clear, however, that we can reliably predict climate
change effects on productivity and other ecosystem
processes only by accounting for interactions
between environmental changes and other regulators
of ecosystems, including soil resource supply, major
functional groups of organisms, and disturbance
regimes (Polley et al. 2011). Changes in these
‘interactive regulators’ can feed back to dampen
or amplify ecosystem responses to climate change
factors. Most feedbacks will be negative and
dampen global change effects on ecosystems (Luo
et al. 2004). Indeed, ecosystem responses to global
change treatments generally decline over longer time
periods and larger spatial scales (Leuzinger et al.
2011) because negative feedbacks from interactive
regulators promote homeostasis in ecosystem
processes. Changes in plant species and functional
group composition can amplify ecosystem responses
to global changes and thus contribute to beneficial
(Zavaleta et al. 2003; Niu et al. 2010) or negative
effects of global changes (Morgan et al. 2007; Suttle
et al. 2007).

Enhanced Atmospheric Carbon Dioxide
In addition to its effects as a greenhouse gas,
CO2 directly influences plants. Plant response to
increased CO2 is driven by two basic mechanisms:
a direct stimulation of photosynthesis and an
indirect stimulation of plant water-use efficiency
resulting from partial stomatal closure (Morgan
et al. 2004). The direct photosynthetic response is
much stronger in C3 than C4 plants; photosynthesis
is nearly saturated at present atmospheric CO2
concentrations in C4 plants, but unsaturated in C3
plants (Polley 1997; Anderson et al. 2001; Reich
et al. 2001; Poorter and Navas 2003). However,
stomatal responses to CO2 are similar in some C3 and
C4 plants (Wand et al. 1999).
Recent research supports the notion that grasslands
are particularly responsive to changes in CO2 due
to their sensitivity to water. For tallgrass prairie
species growing in three soil types of central Texas,
CO2 acted as a surrogate for water by contributing
to shifts in species abundances that mimic those
observed along a precipitation gradient (Polley et
al. 2011). In addition, CO2 enrichment promoted
water savings in a northern mixed-grass prairie in
Wyoming by completely off-setting desiccating
effects of moderately warmer temperature (Morgan
et al. 2011). The water-savings effect of CO2
enrichment appears to be robust, having been
detected in native vegetation around natural springs
that have long been exposed to elevated CO2 (Onoda
et al. 2009).

Vegetation changes of greatest concern on
extensively managed grazing lands are those that
are essentially irreversible within the constraints
of traditional management, and that fundamentally
alter ecosystem structure and functioning. Such
shifts between “alternate stable states” of vegetation
usually occur when changes in soil properties,
disturbance regimes, or animal populations remove
limitations on increasing plants or create limitations
on current dominants.

Interactive Effects and Plant Community Responses
Our ability to predict responses to global changes
is limited by our incomplete understanding of how
ecosystem effects of climate change factors interact
(Shaw et al. 2002; Morgan et al. 2011). Leuzinger
et al. (2011) demonstrate that the magnitude of
ecosystem responses to climate change treatments
usually declines as the number of factors considered
increases. Mechanisms responsible for partially
compensating effects of climate change treatments
are not completely understood, but appear to differ
among ecosystems and treatment combinations.
Warming and CO2 enrichment have offsetting effects
on soil water availability (Morgan et al. 2011).
Limitations in soil nitrogen (Newman et al. 2006;
Reich et al. 2006) or phosphorous (Gentile et al.
2011) may constrain plant responses to CO2, while
plant species shifts in response to nitrogen additions
can favor plant species that respond limitedly to CO2
(Langley and Megonigal 2010).

Vegetation changes tend to occur gradually, as when
woody plants replace grasses as a result of prolonged
grazing, but also can occur abruptly, as when a
threshold of soil loss or water content is crossed that
prevents continued dominance by current species
occupants of a site (Friedel 1991; Polley et al. 2011).
Developmental changes, like flowering date, can
exhibit threshold responses to precipitation that can
have long-term and possibly transforming effects
on plant community composition (Craine et al.
2010; Fay et al. 2011). Climate extremes can have
significant effects on biogeochemical functions like
water relations and nutrient cycling, although longterm alterations in fundamental ecosystem attributes
like net primary productivity (NPP) or functional
group composition may involve more long-term
changes (Arnone et al. 2011; Jentsch et al. 2011).
Thus, global changes will more often influence the
susceptibility of vegetation to disturbances and
other factors like fire that directly influence the state
of vegetation (Bond 2008). For more intensively
managed mesic pastures (lands with well-balanced
moisture supply), vegetation changes will involve

Climate change effects often are interpreted in the
context of a relatively stable plant community and
unchanging disturbance regimes. It is becoming
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considerations of which forage species and/or
combinations will perform better in a changing
environment (Sanderson et al. 2009).

Climate change and
associated variation
in weather patterns
may also require that
livestock be managed
in or near facilities in
which the microclimate
can be modified.

the abundance and/or distribution of the competitors,
predators, and parasites of vectors themselves
(Thornton 2010). Hotter weather may increase
the incidence of ketosis, mastitis, and lameness
in dairy cows and enhance growth of mycotoxinproducing fungi, particularly if moisture conditions
are favorable (Gaughan et al. 2009). However, there
is no consistent evidence that heat stress negatively
affects overall immune function in cattle, chickens,
or pigs.

Effects on Forage Nutritive Value
Grazing lands are managed to produce forage or
fodder for livestock. The nutritional quality, as
well as the quantity, of the forage/fodder resource
is of interest. Nutritive value, in turn, depends on
chemical and physical characteristics of each of
the plant species that contribute to the resource
and species composition. Global changes likely
will cause modest changes in the forage quality
of individual plant species. Most studies indicate
rising CO2 and temperature reduce nutritive value
of plants (Henderson and Robinson 1982; Akin et
al. 1987; Newman et al. 2005; Morgan et al. 2008;
Craine et al. 2010; Gentile et al. 2011), although
complex interactions of global change factors on
soil, available nutrients, and plant responses suggest
that both increases and decreases in nutritive value
are possible (Craine et al. 2010; Dijkstra et al. 2010).
On the other hand, global changes could cause
substantial shifts, either beneficial or negative, in
forage nutritive value by contributing to vegetation
change. For instance, CO2 enrichment increased
the nutritional value of grass biomass by shifting
the relative abundance of tallgrass prairie species
(Polley et al. 2011). By contrast, global changes
that facilitate a shift in vegetation from forage to
non-forage species, such as from grasses to weeds
or woody plants (Morgan et al. 2007; Morgan et
al. 2008), will substantially reduce forage nutritive
value.

Adaptation
Adaptation is defined as an adjustment in natural
or human systems in response to actual or expected
global changes or their effects (IPCC 2007a).
Adaptation to global changes will necessitate
adjustments at the enterprise to regional scales and
likely will include changes in management, livestock
species or breeds, pest management strategies, or
even enterprise structure (Morgan 2005; Morgan et
al. 2008).
Animal Adaptation
In an effort to optimize animal production, producers
likely must select breeds and breed types that are
genetically adapted to changed climate conditions.
Climate change and associated variation in weather
patterns may also require that livestock be managed
in or near facilities in which the microclimate
can be modified (Mader et al. 1997; Mader et al.
1999; Gaughan et al. 2002b; Mader et al. 2007).
Environmental management for all domestic
livestock, but especially for ruminants, needs to
consider (1) general short- and long-term changes in
environmental conditions, (2) changes in nighttime
conditions that do not allow for adequate cooling,
and (3) increases in the occurrence of extreme events
(e.g., hotter daily maximum temperature and more/
longer heat waves).

Effects of Climate Change on Animal Health
Climate change may indirectly affect animal
production by altering the frequency, intensity, or
distribution of animal diseases and parasites. Climate
affects microbial density and distribution, the
distribution of vector-borne diseases, host resistance
to infections, food and water shortages, or foodborne diseases (Baylis and Githeko 2006; Gaughan
et al. 2009; Thornton 2010). Earlier springs and
warmer winters may allow for greater proliferation
and survivability of pathogens and parasites. For
example, bluetongue was recently reported in Europe
for the first time in 20 years (Baylis and Githeko
2006).

Rötter and van de Geijn (1999) suggest that effects
of heat stress may be relatively minor for the more
intensive livestock production systems where
some control can be exercised over the exposure of
animals to climate. In general, domestic livestock
are remarkable in their ability to mobilize coping
mechanisms when challenged by environmental
stressors. Breeding and selection criteria for domestic
livestock need to be considered in the context of
climate change, especially for those systems in which
livestock are routinely exposed to the environment.
Adapting to climate change is certain to entail costs,
such as application of environmental modification
techniques, use of more suitably adapted animals, or
even shifting animal populations.

Regional warming and changes in rainfall
distribution may lead to changes in the spatial
or temporal distributions of diseases sensitive to
moisture, such as anthrax, blackleg, hemorrhagic
septicemia, and vector-borne diseases (Baylis and
Githeko 2006). Climate change also may influence
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Depending on the domestic species of livestock,
adaptive responses may include hair coat gain or loss
through growth and shedding processes, respectively.
As a survival mechanism, voluntary dry matter intake
increases (after a 1-to-2-day decline) under cold
stress, and decreases almost immediately under heat
stress (NRC 1987, 1996). Depending on the intensity
and duration of the environmental stress, DMI can
average as much as 30% above normal to as much as
50% below normal. Under extremely hot conditions,
animals may completely lose appetite, while under
extreme cold conditions animals may find comfort in
maintaining a huddled position with other animals or
remain lying. Due to the discomfort levels associated
with standing and accessing feed, DMI and related
performance is further compromised under cold
stress. However, many adaptive and behavioral
adjustments made by the animal, when exposed
to moderate to extreme environmental conditions,
often result in lowered animal productivity and
are generally unfavorable to economic interests of
humans. However, these changes are often essential
for survival of the animals (Stott 1981; Gaughan et
al. 2009).

management during periods of high heat load. As is
the case in most livestock systems today, housing
and microclimate modification considerations
(sunshades, or evaporative cooling by direct wetting
or in conjunction with mechanical ventilation),
improvements in nutritional management and disease
control, and use of new technologies will need to
be assessed as change dictates (Gaughan and Mader
2007; Mader et al. 2008; Gaughan et al. 2009).
Included in that assessment will have to be cost of
implementation of altered or new processes, which
will be particularly pertinent in less developed and
less intensive production systems. An additional
consideration is that modifying management and/
or genetics for one environmental extreme may
have adverse effects if the livestock are exposed to
the opposite environmental extreme. In addition,
appropriate environmental stress thresholds are
needed that are flexible and can reflect stress levels
based on environmental conditions, management
levels, and physiological status.
Mader et al. (2010, 2011) developed a Compre
hensive Climate Index (CCI) and comparable
thresholds framework that incorporate multiple
environmental variables into a continuous index
that adjusts temperature for the combined effects of
relative humidity, wind speed, and solar radiation
(Table 5.10). CCI’s purpose is to provide a
relative indicator of the environmental conditions
surrounding an animal and quantify how solar
radiation, wind speed, and relative humidity interact

Beede and Collier (1986) suggest three
management options for reducing the effect of
thermal stress in cattle, which have application
for all livestock and poultry. The options include
(1) physical modification of the environment,
(2) genetic development of breeds with greater
heat tolerance, and (3) improved nutritional

Table 5.10. Comprehensive Climate Index thermal stress thresholds.1
Source: Mader et al. 2011.

Environment
No stress
Mild

Cold conditions
Animal susceptibility level

Hot conditions

High3

Low4

< 25

>5

>0

25 to 30

0 to 5

0 to -10

2

Moderate

> 30 to 35

< 0 to -5

< -10 to -20

Severe

> 35 to 40

< -5 to -10

< -20 to -30

Extreme

> 40 to 45

< -10 to -15

< -30 to -40

> 45

< -15

< -40

Extreme danger
Source: Mader et al. 2011

Threshold levels indicate intensity of climatic stress experienced by the animal.

1

Modified from indices developed by Mader et al. (Mader et al. 2006), Gaughan et al. (Gaughan et al. 2008), and the
Livestock Weather Safety index (LCI 1970) with severe thresholds capable of causing death of animals and extreme
thresholds having a high probability of causing death of high risk animals.

2

Generally, young and/or non-acclimated animals cared for under sheltered (housed) or modified environmental
conditions.

3

Generally, unsheltered animals which have had adequate time to acclimate to outdoor environments through
acquisition of additional external and/or tissue insulation and are receiving nutrient supplies compatible to the level
of environmental exposure.

4
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Table 5.11. Apparent temperature estimates as derived from primary environmental characteristics and the Comprehensive Climate Index
equations.1 Source: Mader et al., 2010
Wind speed of 1 m/s
SR of 100 W/m2

Wind speed of 9 m/s

SR of 500 W/m2

SR of 900 W/m2

SR of 100 W/m2

SR of 500 W/m2

SR of 900 W/m2

Temperature, °C

RH of
20%

RH of
50%

RH of
80%

RH of
20%

RH of
50%

RH of
80%

RH of
20%

RH of
50%

RH of
80%

RH of
20%

RH of
50%

RH of
80%

RH of
20%

RH of
50%

RH of
80%

RH of
20%

RH of
50%

RH of
80%

-30

-32.8

-33.9

-35.0

-29.0

-30.0

-31.2

-25.3

-26.4

-27.5

-41.8

-42.9

-44.1

-38.0

-39.1

-40.2

-34.4

-35.4

-36.6

-25

-27.4

-28.6

-30.0

-23.8

-25.0

-26.3

-20.3

-21.5

-22.9

-36.4

-37.7

-39.0

-32.8

-34.0

-35.4

-29.3

-30.6

-31.9

-20

-22.0

-23.3

-24.7

-18.5

-19.9

-21.3

-15.2

-16.5

-17.9

-31.0

-32.3

-33.8

-27.6

-28.9

-30.3

-24.2

-25.5

-27.0

-15

-16.6

-17.9

-19.3

-13.3

-14.6

-16.0

-10.0

-11.4

-12.8

-25.6

-26.9

-28.4

-22.3

-23.6

-25.1

-19.1

-20.4

-21.8

-10

-11.2

-12.4

-13.8

-8.0

-9.2

-10.6

-4.8

-6.1

-7.4

-20.2

-21.5

-22.8

-17.1

-18.3

-19.6

-13.9

-15.1

-16.5

-5

-5.8

-6.8

-8.0

-2.7

-3.7

-4.9

0.4

-0.7

-1.8

-14.8

-15.9

-17.1

-11.7

-12.8

-14.0

-8.7

-9.7

-10.9

0

-0.4

-1.2

-2.1

2.6

1.9

1.0

5.7

4.9

4.0

-9.4

-10.2

-11.1

-6.4

-7.2

-8.1

-3.4

-4.2

-5.0

5

5.0

4.6

4.1

8.0

7.6

7.1

11.0

10.6

10.1

-4.1

-4.5

-5.0

-1.0

-1.5

-2.0

2.0

1.5

1.0

10

10.4

10.4

10.4

13.4

13.4

13.4

16.4

16.4

16.4

1.3

1.3

1.3

4.4

4.4

4.4

7.4

7.4

7.4

15

15.8

16.3

16.9

18.8

19.4

20.0

21.8

22.4

23.0

6.7

7.2

7.8

9.8

10.3

10.9

12.8

13.3

13.9

20

21.1

22.3

23.6

24.3

25.4

26.7

27.3

28.5

29.8

12.1

13.3

14.6

15.2

16.4

17.7

18.3

19.4

20.7

25

26.5

28.4

30.5

29.7

31.6

33.8

32.8

34.7

36.8

17.5

19.3

21.5

20.7

22.6

24.7

23.8

25.6

27.8

30

31.9

34.6

37.7

35.2

37.9

41.0

38.4

41.1

44.2

22.8

25.5

28.6

26.2

28.9

32.0

29.3

32.0

35.1

35

37.3

40.9

45.0

40.8

44.4

48.5

44.0

47.6

51.8

28.2

31.8

36.0

31.7

35.3

39.5

34.9

38.5

42.7

40

42.6

47.2

52.6

46.3

50.9

56.3

49.7

54.3

59.6

33.6

38.2

43.5

37.3

41.9

47.2

40.6

45.2

50.6

45

48.0

53.7

60.3

51.9

57.6

64.3

55.4

61.1

67.7

38.9

44.6

51.3

42.9

48.6

55.2

46.3

52.0

58.7

Mader et al. (2010); 1SR = solar radiation; RH = relative humidity

with ambient temperature (Ta) to produce an
“apparent temperature” and identify thresholds that
assist with assessing levels of stress (Table 5.11).
A multi-factor index is superior to a single factor
index for determining environmental effects on
animal well-being. For strategic decisionmaking,
the goal should be to have an index that is broadly
applicable across life stages and species to maximize
the utility of probability information (Hahn et al.
2003). Aside from assessing environmental effects
on animal health, comfort, welfare, maintenance, and
productivity, the CCI could be adapted to calculate
projected effects of climate change year-round.

heat waves, normal heat exchange is impeded in
livestock, which affects the thermal equilibrium of
the animal and its performance.
Per unit of feed intake, water intake is generally two
to three times greater under hot conditions than under
cold conditions (Kreikemeier and Mader 2004; Arias
et al. 2011). The interaction among climatic factors,
type of diet, animal breed, animal weight, production
status, and physiological strategies adopted by each
animal all influence an individual animal’s water
intake. In addition, drinking behavior is complex
and influenced by a number of social and physical
factors, including degree of competition for water
space, group social order, water availability and
accessibility, and water quality.

Other useful indices that have merit for assessing
environmental stress in animals (FASS 2010),
include the recently revised wind-chill index (Tew
et al. 2002) and modifications to the temperaturehumidity index (Eigenberg et al. 2005; Mader et al.
2006). In addition, Hahn and Mader (1997), Hahn et
al. (1999), and Gaughan et al. (2008) have developed
classification schemes to assess the magnitude
(intensity x duration) of extreme heat events that
place animals at risk.

Grassland Adaptation
Three aspects of plant community production
determine the economic viability of livestock
enterprises on lands that are managed primarily to
produce forage for grazing animals. These factors are
the seasonal distribution and quantity of forage, the
inter-annual reliability of forage production (inverse
of variability), and forage nutritive value, as affected
by nutritional and physical properties of individual
plant species and plant species composition.
Warming, CO2 enrichment, and altered precipitation
regimes can affect each aspect of community
production. Modest shifts in the seasonal distribution
of forage production and quality and increases in
inter-annual variability of production likely can

A final management issue related to climate change
is water availability and utilization. Water has been
recognized as one of the most important necessities
for life. It plays a key role in virtually all biochemical
reactions in the body and is considered to be one of
the quickest and most efficient methods to reduce
body temperature during warmer periods. During
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be accommodated by adjusting stocking rates and
varying the season of grazing (Morgan 2005; Morgan
et al. 2008; Torell et al. 2010). Adaptation also could
include practices that lessen soil erosion, maintain
vegetative cover, and promote plant regeneration
after vegetation is removed or lost.
Innovative changes in management, such as a shift
in livestock species, may be required to deal with
changes in species abundance, forage quantity, and
nutritive value. In intensively managed pastures,
more reliance on species that may be better adapted
to future warmer, CO2-enriched conditions, like
legumes or C4 grasses (Nolan et al. 2001; Gates et al.
2004; Morgan 2005; Hopkins and Del Prado 2007;
Morgan et al. 2011), may be advantageous.

understanding of the animal and grassland responses
to environmental challenges is essential to successful
implementation of strategies to ameliorate negative
effects of climate change.

Conclusions
The direct and indirect effects of changing climate
create threats and opportunities for U.S. agriculture.
The direct effects of changing temperature and
precipitation patterns are widely acknowledged
and investigated. Producers and researchers have
traditionally faced challenges of temperature and
moisture changes with success. However the shortterm high variability of weather events currently
being experienced are outside of the realm of
experience for the agricultural community. Given
a continued trend of this variability, a shift of
management focus from mostly average conditions
to that of focus on managing average plus extreme
conditions may well be advised. The addition of
“event duration” or “maximum tolerable change
per day,” especially for sensitive growth stages, are
potential additions to threshold tables defining the
temperature and moisture limits for specific crops.
Dealing with the weather manifestations of climate
change will be integral to decisionmaking for future
producers, more so than for that of past generations.

Domestic livestock are remarkable in their adaptive
ability when challenged by moderate levels of
environmental stressors. Adaptive responses to
climate change could involve a shift to livestock
types with greater tolerance of relatively high
temperatures, which better utilize existing
vegetation and are more resistant to livestock pests
(Morgan 2005). Livestock managers will need to
be proactive and consider resource availability
(e.g., feed, water, health care, fiscal, animals,
land base, human) when adopting climate change
mitigation strategies. According to Gaughan et al.
(2009), the most important element of proactive
environmental management is to reduce risk through
preparation. Included in the preparation process is
appropriate education and training, development of
strategic plans for adjusting to changing conditions,
recognition of animal needs and potential stress
levels, adopting strategies to minimize and/or
mitigate the stress, and selection of animals and
management strategies that are compatible with the
production enterprise.

The complex nature of the agroecosystem means
that effects of climate change on system components
will vary broadly across geographies and temporal
scales. Assessing the full effect of climate change
on U.S. agricultural products will require integrated
studies that incorporate the nuances of ecosystem
function such as soil make-up, changes in timing of
runoff, and effects of changing temperature patterns
and CO2 concentrations, together with factors related
to production economics, management strategy
approaches and implementation, and adaptation
practices. Such studies will also feed creation of
models that may more accurately project future
changes and assess effects of land-use or waterresource changes that may affect crops, and assist
with developing strategies that can provide insights
on increasing efficient use of available resources. In
addition, adaptation management practices would
benefit from further research on adaptive cultivars
and crop genetics so as to mitigate projected declines
in future yields by taking better advantage of climatedriven shifts in ecosystem characteristics through
breeding for physiological pathways that increase
resilience to climate stressors. Lastly, managing for
changing climate will benefit from further research

Monitoring of pasture and rangeland conditions
will become even more important as managers deal
with novel climatic conditions (Morgan et al. 2008).
Certainly a shift in current enterprise structure
will occur. For example, change from grassland to
woodland vegetation may require diversification of
land uses, perhaps including a shift from livestock
production only to ecotourism, hunting, wind energy,
or carbon sequestration (Morgan 2005; de Steiguer
2008; Morgan et al. 2008). However, caution should
be exercised that overcompensation to changing
climatic conditions does not occur. An approach is
needed that will allow appropriate changes to occur
in a timely manner while avoiding undo disturbance
of the socio-economic structure of the livestock
and grassland production systems. A greater
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into technologies that improve management of
agricultural products through further automation
of processes and tools, sensor development, and
enhancement of information technologies. Advancing
these research needs will assist those working in
the realm of U.S. agriculture by providing both
pragmatic solutions while potentially reducing costs
related effects of climate change on agricultural
production.
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Climate Change Effects on the
Economics of U.S. Agriculture

T

he economic impacts of climate change occur
at multiple scales and with a complex array
of feedback loops. While the biophysical
effects of climate change play out locally through the
direct and indirect (abiotic and biotic) stress factors
described earlier, the economic implications of those
effects are shaped by an array of local, national,
and global institutions, from commodity markets to
systems of research, development, education, communication, and transportation. These institutions
define the opportunities and constraints within which
stakeholders can adjust their behavior to minimize
losses and take advantage of new opportunities for
gain associated with changing climate conditions.
Potential adaptive behavior can occur at any level
within a highly diverse agricultural system, including
consumption, production, education, and research.
The aggregate effects of climate change will therefore ultimately depend on a web of diffuse adaptive
responses to local climate stressors, from farmers
adjusting planting patterns in response to altered crop

yields to seed producers investing in drought-tolerant
varieties to nations changing trade restrictions in
response to food security concerns.
The complexity of possible adaptive response
pathways makes it extremely difficult to characterize
all of the potential steps and feedback loops leading
from local climate effects on yield (or on increased
costs necessary to maintain yields) to regional or
global effects on economic indicators such as prices,
production, trade volume, consumer expenditures,
or producer income and financial viability. U.S. and
global agricultural markets are highly interconnected,
and trade will result in a redistribution of agricultural
products from regions of relative surplus to regions
of relative scarcity (Adams et al. 1998). The economic implications of climate change for the United
States will therefore be sensitive to yield effects and
adaptation opportunities and constraints both within
the United States and worldwide. An even broader
set of social and political variables is required to

Economic versus Biophysical Impacts on Agricultural Productivity
Biophysical impacts on productivity are localized phenomena that are largely driven by local variations
in weather impacts and mediated by local soil and water conditions. Economic impacts, on the other
hand, are embedded within a complex and regionally diffuse web of production, price, consumption,
and trade responses to those local productivity impacts. U.S. and global agricultural markets are highly
interconnected, so economic impacts within the United States are sensitive to biophysical impacts,
behavioral responses among consumers and producers, and adaptation opportunities and constraints
both within the United States and worldwide. Managing the impacts of climate change on U.S. agriculture
is an interdisciplinary challenge that may be most effectively addressed using systems research strategies
to integrate and develop disciplinary knowledge.
Example: Climate change can impact the livestock sector along a number of pathways: directly through
impacts on productivity and performance and indirectly through price and availability of feed grains,
competition for pasture land, and changing patterns and prevalence of pests and diseases. These
pathways parallel those of crop production impact, and the two sectors are strongly linked through feed
grain markets and competition for land.
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explore the implications of climate change for critical
social issues such as food security and the incidence
of hunger.

Adaptive behavior can
significantly mitigate
the potential effects
of climate change on
food production, farm
income, and food security
by moving agricultural
production out of regions
with newly reduced
comparative advantage
in specific production
sectors and into areas
with improved relative
productivity.

A comprehensive analysis of climate effects requires
bringing together state-of-the-art knowledge from
multiple disciplines and areas of expertise (Beach
et al. 2010; Tubiello et al. 2007a; Hertel et al.
2010). Developing economic-impact estimates for
climate change requires input from disciplines as
diverse as climate, crop, and soil science, as well
as the tools and data to represent a wide variety of
potential adaptive and economic behaviors. While
research is advancing on disciplinary elements of
the system, transdisciplinary efforts have struggled
with inconsistent data, poor communication
between disciplines, and the resource challenges
of developing new data sets and analysis tools
to incorporate information from different
disciplines. Efforts such as the Agricultural Model
Intercomparison and Improvement Project (see
AgMIP sidebar pg. 108) have been initiated to tackle
such challenges while developing and validating
scenarios, research tools, and analysis results
characterizing changes to the risk of hunger and
world food security due to climate change.
The biophysical effects of climate change on yields
and production costs are regionally variable and
have the potential to significantly alter patterns of
agricultural productivity in the provision of food,
feed, fiber, and fuel products worldwide. Because
the agricultural economy is a complex, selfadjusting set of relationships, ultimately climate
change effects will depend on how production and
consumption systems adjust, or adapt, in response
to those biophysical effects. This chapter reviews
efforts to quantify the economic impacts of climate
change to date and explores issues related to
the scope and scale of those analyses. Capacity
for economic impact quantification is evolving,
however assessment results remain highly sensitive
to elements of research scope such as exclusion
versus inclusion of international effects, selective
treatment of climate stressors when assessing yield
and production cost impacts, selective representation
of adaptation opportunities in response to yield and
production cost impacts, and limited consideration of
potential constraints to adaptation, including natural
and financial resource constraints.

Economic Impacts and Agricultural
Adaptation
Agricultural production is chronically vulnerable
to stress factors like dry spells, weed competition,
and insect damage. Local farm production patterns
and practices have evolved in response to weather
conditions and stress factors that have historically
prevailed for that region. As growing conditions and
stress factors change, so too will farm production
decisions. Adaptation behaviors such as changing
crops and crop varieties, adjusting planting and
harvest dates, and modifying input use and tillage
practices can lessen yield losses from climate change
in some regions and potentially increase yields
in others where climate change creates expanded
opportunities for production (Adams et al. 1998;
Malcolm et al. 2012). Several regional and national
studies have predicted that U.S. cropland agriculture
will be fairly resilient to climate change in the short
term, with expansion of irrigated acreage, regional
shifts of crop acreage, and other adjustments to
inputs and outputs partially compensating for yield
effects caused by changing climate patterns (Adams
et al. 1990; Mendelsohn et al. 1994).
Capacity for adaptation is therefore a critical
determinant of the net economic effects of climate
change and of the regional distribution of those
effects (Antle and Capalbo 2010; Malcolm et al.
2012). Adaptive behavior can significantly mitigate
the potential effects of climate change on food
production, farm income, and food security by
moving agricultural production out of regions with
newly reduced comparative advantage in specific
production sectors and into areas with improved
relative productivity (Rosenzweig and Parry 1994;
Darwin et al. 1995; Adams et al. 1998; Mendelsohn
and Dinar 1999; Malcolm et al. 2012; Beach et
al. 2010). Darwin et al. (1995) estimated that
farmers adjusting inputs and outputs on existing
farmland could offset from 79 to 88% of the 19-30%
reductions in world cereals production (wheat plus
other grains) that they attribute to the direct crop
growth and development effects of climate change.
In that analysis, market adjustments further increased
the percentage of yield decline offset to 97%, and
expansion of cropland actually resulted in an increase
in world cereal production relative to the “no climate
change” scenario (Darwin et al. 1995). Reilly et al.
(2007) estimate that with adaptation, the production
effects of climate change are reduced to one-fifth
to one-sixth of the initial yield effects. While such
analyses highlight that the economic impacts
of climate change will be sensitive to all such
opportunities for, and constraints to, technological
and behavioral adaptation, they have their strengths
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et al. 1995; Adams et al. 1998; Antle et al. 2004;
Sands and Edmonds 2005; Cline 2007).

and weaknesses with respect to treatment of
those factors when translating climate effects into
economic impacts.

• Scope of the Assessment: Potential adaptive
responses to climate change occur at many scales
and across multiple sectors, interacting across
land, commodity, and agricultural input markets.
Researchers must decide how to condense the
complex detail associated with the true scope of
climate effects on agriculture and the adaptation
response into a simplified version of reality that
captures particularly significant dynamics. Those
decisions include, for instance, the types of available adaptation options and whether the assessment includes consumer response and effect as
well as that of producers, livestock, forest production, cropland agriculture, and international and
domestic interests (Adams et al. 1998; Sands and
Edmonds 2005; Hertel et al. 2010b). The exploration and identification of relevant dynamics, and
compilation of the data necessary to represent
these dynamics in impact analyses is an ongoing
process.

Estimating Economic Impacts of
Climate Change
An assessment of the economic impacts of
climate change on agriculture begins with a set of
assumptions or projections about future climate
conditions, generally including some combination
of information on patterns and magnitude of
temperature and precipitation change (Tol 2009).
Local climate conditions must be then translated
into local yield and production cost impacts based
on a subset of stressors and simultaneously into a
set of economic indicators through representation
of a portion of the potential production, price,
consumption, technology development, and trade
responses to those productivity effects.
Economic impacts of climate change can occur
at many levels and to different stakeholders.
Farmers (producers) are affected by initial yield
and production cost effects, which they respond
to through adaptive strategies and, subsequently,
by the price effects that emerge from the market
adjustments responding to widespread influences
on productivity and adaptive behaviors. Consumers
are affected by market price changes and also have
adaptation options including changing consumption
patterns to substitute relatively low-priced products
for products that have become higher priced due to
the effects of climate (Adams et al. 1998).
Efforts to quantify economic impacts are sensitive to
research elements that define input assumptions and
scale and scope of analysis, including:
• Climate and Yield Projections (and associated
time horizon): Biophysical and economic impact
assessment results are highly sensitive to the
choice of climate model and projection used and
to the spatial resolution of those climate scenarios
(Malcolm, 2012; Beach et al. 2010; Adams et
al. 1990; Adams et al. 1995; Adams et al. 2003).
Climate analyses that project farther into the
future generally show greater effect on yields and
economic indicators, though there is also greater
uncertainty about future emissions trajectories,
projected changes of climate variables, and available adaptive technologies. Treatment of CO2 fertilization effects (i.e., whether, and how, potential
yield-enhancing effects of increased atmospheric
CO2 are included in the study) is also an important
determinant of results (Adams et al. 1990; Adams

• Socioeconomic and Technology Projections and
Treatment of Adaptation Constraints: Climate
change effects and opportunities for adaptation
will unfold within a future economic, policy, and
technology environment that is inherently uncertain. Variables relevant to agriculture’s response
to climate change range from broader social
variables about economic and income growth to
sector-specific assumptions including future crop
and livestock productivity, farm policy, farm size,
input and output prices, and availability of technical resources to facilitate adaptation (Claessens et
al. 2012). Potential constraints to adaptation such
as regional land and water availability, as well as
constraints related to farm finances and viability,
have received relatively little research attention
yet have been shown to significantly affect the
results emerging from both integrated assessments
and statistical analyses of climate change effects
(Adams et al. 1995; Darwin et al. 1995; Howden
et al. 2007; Schlenker et al. 2007).
• Estimation methodology Used and Model
Specification: Methods used for climate change
assessment include expert opinion, hedonic and
production function approaches, and integrated
assessment modeling (Schlenker et al. 2005, Antle
and Capalbo, 2010).
Results from a limited set of economic impact
studies are presented in Table 6.1. These results, and
the source of variability among them, are discussed
in more detail in the sections below.
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Table 6.1. Results from a limited set of studies exploring the domestic economic impacts of climate change.
Including CO2
Impact
on Crop
Yields

Include International
Production
Impacts

temp, precip, incident
solar rad

yes

no

crops + (1.34)
livestock + (1.08)

temp, precip, incident
solar rad

yes

no

-11.33 billion
1990$ (-1.01%)

+ (1.12)

temp,
precip

no effect

no

-2.54 billion
1990$

+10.20 billion
1990$ (+.91%)

+ (1.01)

yes, 555
ppm

no

+12.56 billion
1990$

-1.74 billion
1990$

+10.82 billion
1990$ (+.96%)

+ (1.01)

yes, 555
ppm

yes, through
trade adjustment

Doubled effective CO2
(555 ppm) (~2060)

+16.84 billion
1990$

-35.93 billion
1990$

-19.09 billion
1990$ (-1.70%)

+ (1.21)

no effect

no

Simulation
(ASM)

Doubled effective CO2
(555 ppm) (~2060)

+7.22 billion
1990$

-2.65 billion
1990$

+4.57 billion 1990$
(+.41%)

+ (1.01)

yes, 555
ppm

no

GFDL

Simulation
(ASM)

Doubled effective CO2
(555 ppm) (~2060)

+6.61 billion
1990$

-2.24 billion
1990$

+4.37 billion 1990$
(+.39%)

+ (1.01)

yes, 555
ppm

yes, through
trade adjustment

Adams et al,
1995

UKMO

Simulation
(ASM)

Doubled effective CO2
(555 ppm) (~2060)

+114.97 billion
1990$

-181.98 billion
1990$

-67.01 billion
1990$ (-5.96%)

+ (2.09)

no effect

no

Adams et al,
1995

UKMO

Simulation
(ASM)

Doubled effective CO2
(555 ppm) (~2060)

+41.52 billion
1990$

-59.11 billion
1990$

-17.58 billion
1990$ (-1.57%)

+(1.33)

yes, 555
ppm

no

Adams et al,
1995

UKMO

Simulation
(ASM)

Doubled effective CO2
(555 ppm) (~2060)

+44.44 billion
1990$

-35.41 billion
1990$

+9.03 billion
1990$ (+.80%)

+ (1.35)

yes, 555
ppm

yes, through
trade adjustment

Adams et al,
2003

CSIRO
(coarse
resolution)

Simulation
(ASM)

540 ppm

-3.31 billion
2000$ (no adapt.)
-3.87 billion
2000$ (with adapt.)

+6.36 billion
2000$ (no adapt.)
+9.66 billion
2000$ (with adapt.)

+3.05 billion
2000$ (no adapt.)
+5.69 billion
2000$ (with adapt.)

temp,
precip, incident solar
radiation

yes

no

Adams et al,
2003

RegCM (finer
resolution)

Simulation
(ASM)

540 ppm

-3.41 billion
2000$ (no adapt.)
-4.67 billion
2000$ (with adapt.)

+3.73 billion
2000$ (no adapt.)
+8.27 billion
2000$ (with adapt.)

+.32 billion
2000$ (no adapt.)
+3.61 billion
2000$ (with adapt.)

temp,
precip, incident solar
radiation

yes

no

Alig et al,
2002

Hadley
Center
Model

Simulation
(FASOM)

avg climate conditions
2070-2100; economic
projection 100 years

-7.1% (Forestry)
-15.9% (Agriculture)

+1.3% (Forestry)
+2.0% (Agriculture)

+.7% (both sectors)

temp,
precip

not clear

no

Alig et al,
2002

Canadian
Climate
Model

Simulation
(FASOM)

avg climate conditions
2070-2100; economic
projection 100 years

-5.5% (Forestry)
-7.6% (Agriculture)

+1.0% (Forestry)
+1.0% (Agriculture)

+.4% (both sectors)

temp,
precip

not clear

no

Reilly et al,
2003

Canadian Cli- Simulation
mate Model (ASM)

2030/2090

-.1 to -5 billion
2000$ (range includes both GCMs)

+$2.5 to +$13 billion 2000$ (range
includes both
GCMs)

+$0.8 billion
2000$ (2030)
+$3.2 billion
2000$ (2090)

Prices generally
drop

temp,
precip

yes

Trade
results
presented in
Reilly et al
(2001)

Reilly et al,
2003

Hadley Center Model

Simulation
(ASM)

2030/2090

-.1 to -5 billion
2000$ (range includes both GCMs)

+$2.5 to +$13
billion
2000$ (range includes both GCMs)

+$7.8 billion
2000$ (2030)
+$12.2 billion
2000$ (2090)

Prices generally
drop

temp,
precip

yes

Trade
results
presented in
Reilly et al
(2001)

Sands et al,
2005

UIUC (Univ
of Illinois)

Simulation
(ASM)

-4.2%

-2.6%

-6.8% (drop in primary agricultural
output)

prices generally
increase

temp,
precip

no

yes

Sands et al,
2005

UIUC (Univ
of Illinois)

Simulation
(ASM)

+6.8%

+2.2%

+9.0%

prices generally
drop

temp,
precip

yes

yes

Study

Climate
Models
Used

Economic
Estimation
Method
Used

Climate Change
Condition or Year

Economic Impacts:
Producers

Economic Impacts:
Consumers

Adams et al,
1990

NASA/GISS

Simulation
(ASM)

Doubled effective CO2
(630 ppm)

+1.59 billion
1982$

+9.30 billion
1982$

Adams et al,
1990

GFDL

Simulation
(ASM)

Doubled effective CO2
(600 ppm)

+3.55 billion
1982$

Adams et al,
1995

NASA/GISS

Simulation
(ASM)

Doubled effective CO2
(555 ppm) (~2060)

Adams et al,
1995

NASA/GISS

Simulation
(ASM)

Adams et al,
1995

NASA/GISS

Adams et al,
1995

Impacts on
Prices or Price
Index

Climate
Elements
Changed

+10.89 billion
1982$

crops
- (.83)
livestock - (.84)

-13.89 billion
1982$

-10.33 billion
1982$

+10.79 billion
1990$

-22.12 billion
1990$

Doubled effective CO2
(555 ppm) (~2060)

+12.74 billion
1990$

Simulation
(ASM)

Doubled effective CO2
(555 ppm) (~2060)

GFDL

Simulation
(ASM)

Adams et al,
1995

GFDL

Adams et al,
1995
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Sensitivity of Economic Impact
Estimates to Climate and Yield
Projections

(Sands and Edmonds 2005; Izaurralde et al. 2011;
Malcolm et al. 2012). In their analysis of the effects
of climate change on crop insurance, Beach et al.
(2010) projected increasing average national yields
for crops such as barley, hay, oats, rye, and hard red
winter wheat; decreasing average national yields
for cotton, grapefruit, oranges, potatoes, soft white
wheat, and Durum wheat; and mixed yield-effect
results for corn, rice, silage, sorghum, soybeans,
sugarcane, and hard red spring wheat, depending on
the climate scenario used.

Projections of the economic impacts of climate
change are highly sensitive to assumptions made
about the production cost and yield effects associated
with changing climate conditions, which, in turn,
vary widely with climate change projections used,
time horizon of analysis, and assumptions made
about the effects of uncertain processes such as CO2
fertilization.
Several studies of climate change effects within the
United States have suggested that moderate levels of
climate change will increase crop yields on average,
resulting in net positive estimates of welfare change
in the United States (Reilly et al. 2003; McCarl
2008; Sands and Edmonds 2005). Reilly et al. (2003)
and McCarl (2008) estimated an increase in U.S.
consumer welfare in response to climate change
because productivity increases resulted in price drops
and reductions in consumer cost. However, producer
welfare in the United States declined because the
drop in prices offset producer benefits accruing from
yield increases. Yield increases were regionally
variable, however, with yields and producer returns
in the South more negatively impacted than in the
North. Sands and Edmonds (2005) found that the
observed price decline did not always fully erode
the bump in producer returns arising from increased
yields, and that both producer and consumer welfare
in the United States increases in two out of three
future climate projections.
Projections suggesting that climate changes
in temperate regions will increase yields in
agriculturally important regions such as the Corn
Belt are consistent with the Intergovernmental
Panel on Climate Change (IPCC 2007b) assessment
that “moderate climate change will likely increase
yields of North American rain-fed agriculture” and
its more general projection that crop productivity
will increase slightly at mid to high latitudes for
local mean temperature increases of up to 1 to 3°C,
but are inconsistent with the results of other studies
concluding that recent patterns of climate change
have already had adverse effects on corn and soybean
production in agriculturally important regions
(Lobell and Asner 2003; Kucharik and Serbin 2008;
Ainsworth and Ort 2010). In fact, the net effects of
climate change on average U.S. yields will vary by
crop and be sensitive to both the effect of the climate
projection selected and to regional shifts in crop
acreage and irrigation practices that arise through
market adjustments responding to effects on yield

Yield effects are a critical determinant of economic
impact estimates, but yield projections under climate
change projections are highly uncertain. Estimates
of effects may misrepresent likely yield because
most analyses have not included a comprehensive
treatment of the stress factors arising from climate
change that can affect yields (see Chapter 4 of this
report). Studies often focus on the effects of a subset
of direct stress factors, usually changes in average
temperature and precipitation, while excluding the
potential direct effects of other changing climate
conditions, such as ozone exposure and solar
radiation. Most studies also fail to consider the
additional effects of indirect stress factors, such
as changes in pest, weed, and disease pressure,
arising from community-scale, agro-ecological
adjustments to changing climate (Gornall et al.
2011). Management strategies to deal with changing
biotic stress can significantly affect crop and
livestock production costs; a failure to consider such
costs may overstate farms’ financial viability in the
face of changing climate conditions. Although few
such studies have estimated the effects of indirect
stressors on crop productivity and management
costs, available research has shown that these have
a significant effect on the economic estimates of
climate change within crop agricultural sectors
(Malcolm et al. 2012).
Economic impact results are also highly sensitive
to whether and how yield-enhancing effects of
atmospheric on crop yields are considered in
the analysis (Sands and Edmonds 2005; Reilly
et al. 2007; Cline 2007; ). Nevertheless, only a
limited number of studies have assessed the yield
implications of CO2 fertilization across crops under
actual growing conditions; its effects, particularly
in the presence of interacting changes in other
factors such as temperature and soil moisture, are
therefore highly uncertain (Adams et al. 1995; Long
et al. 2005; Tubiello et al. 2007a; Gornall et al.
2010). Sands and Edmonds (2005) found that when
uncertain CO2 fertilization effects were excluded
from the calculation of crop-yield effects, crop
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yields in the United States declined under the three
climate scenarios they explored, as did indicators
of both U.S. consumer and producer welfare. Such
uncertainty about effects on crops translates into
substantial uncertainty about economic impacts as
well.

Because climate is
projected to continue
changing throughout
the 21st century, yield
and economic impact
assessment results are
sensitive to the time
horizon used in the
analysis and to the rate of
change assumed by the
climate projection(s) relied
upon for the analysis.

Because climate is projected to continue changing
throughout the 21st Century, yield and economic
impact assessment results are sensitive to the time
horizon used in the analysis and to the rate of change
assumed by the climate projection(s) relied upon for
the analysis. Global analyses of the effects of climate
change on Gross Domestic Product (GDP) that
are not limited to the agricultural sector often find
near-term economic benefits associated with modest
changes in climate that are followed by losses further
in the future as temperatures continue to increase
(Hitz and Smith 2004; Tol 2009). Several researchers
have argued that crop productivity is likely to follow
a similar pattern for several major crops (Parry
et al. 2004; Schlenker and Roberts 2009) or that
changing conditions are already creating a drag on
global crop yields (Lobell and Field 2007; Lobell
et al. 2011). Easterling et al. (2007) projected that
crop productivity would begin to decline, even in
temperate regions, when temperature increases
exceed 1 to 3° C (1.8-5.4° F). Burke et al. (2011)
project that both corn yields and farm profits would
decline under a large range of climate projections
in the United States for time ranges in the mid- and
late-21st Century. In a hedonic farmland value
regression for dryland acreage in the United States,
Schlenker et al. (2005) estimate annual losses of
$5-5.3 billion under a 5°F increase in temperature
and an 8% precipitation increase.
Uncertainty in climate projections is therefore
a critical element of crop and economic impact
uncertainty (Adams et al. 1995; Sands and Edmonds
2005; Burke et al. 2011; Malcolm et al. 2012).
Nevertheless, both effects on crops and economic
assessment efforts have been slow to develop the
tools necessary to accommodate climate uncertainty.
Burke et al. (2011) argue that although more
than 20 climate models are regularly used by the
climate change community, none of which have
been determined to be more reliable than others for
long-term climate projections, the median number
of model projections used for economic, political,
or social impact studies is generally two models.
Furthermore, Adams et al. (2003) find that applying
climatological projections at a finer spatial scale in
determining effects on crop yield can substantially
change estimates of a set of producer and consumer
welfare measures, with finer scale data generally

leading to reduced benefits or greater damages
relative to a coarser scale analysis. The failure of
economic impact estimates to capture the uncertainty
generated by choice of climate projections, as
well as application scale and downscaling method,
artificially constrains the uncertainty associated with
the impact estimates themselves. Greater attention to
methods of quantifying and tracking multiple sources
of uncertainty is required in climate change studies
(Lobell and Burke 2008; Challinor et al. 2009;
Soussana et al. 2010; Winkler et al. 2010).

Sensitivity of Economic Impact
Estimates to Scope of Analysis
One of the most significant limitations in U.S.
economic impact assessment is confining the scope
of analysis to a consideration of the effects of climate
change on domestic yields. Effects on regional yields
alone are generally a poor predictor of regional
welfare effects because domestic markets are highly
interconnected with international markets, which
will also be responding to yield and production
changes worldwide. International trade mediates a
larger, global response to highly decentralized yield
and production changes, causing adjustments in
world prices and trade patterns that can be equally
important in affecting the domestic welfare measures
being calculated (Adams et al. 1995; Hertel et al.
2010a). Changes in relative productivity by region,
and the price and trade effects arising in response,
are therefore a critical determinant of the economic
and welfare effects of climate change (Reilly et al.
2007; Hertel et al. 2010a; Winkler et al. 2010).
Assessments assuming a generally positive U.S.
yield effect from climate change, for instance, when
looking at U.S. yield effects in isolation from the rest
of the world, suggest that domestic yield increases
could stimulate supply and depress prices, with
positive welfare implications for consumers and
mixed implications for producers. The functioning
of world markets, however, ensures that the actual
effects of climate change on domestic consumers and
producers will depend on what is happening to yields
in the rest of the world and on the associated effects
on world production and world price. If global yield
effects are generally negative, they can drive global
prices up despite domestic yield increases; the
resulting price increases can benefit U.S. producers
through increased return for their product, but U.S.
consumer welfare is depressed by the global-marketmediated price increase (Reilly et al. 2003; Sands
and Edmonds 2005). On the other hand, if net global
yield effects for a given crop are also positive, then
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world yield effects can further lower world and
domestic prices and push benefits associated with
price changes even more in favor of consumers.
In countries that experience yield declines, producer
returns may therefore increase if rising global prices
are sufficient to offset the adverse income effects
of reduced yields (Reilly et al. 2007; Hertel et al.
2010a). Consumers, on the other hand, always suffer
welfare losses from reduced availability of food and
increased prices associated with declining yields
(Hertel et al. 2010b); in developing countries, certain
non-agricultural demographics, such as the urban
labor strata and the non-agricultural self-employed,
can be highly vulnerable to increased poverty arising
from higher food prices (Hertel et al. 2010a; Hertel et
al. 2010b).
The potential for climate change to alter the
variability of production returns, as well as relative
variability across crops or livestock enterprises,
is also likely to affect farmers’ risk management
decisions, making “climate risk management” an
increasingly important driver of production and
adaptation decisions (Chen et al. 2004; Howden et
al. 2007). A risk-averse farmer can be expected to
allocate more acreage to crops with relatively low
variability, for instance. Climate change adaptation
behavior may therefore include shifts among crops
based on differences in climate change effects on
yield variability and co-variance of yields across
crops (Isik and Devadoss 2006). Adams et al.
(2003) found that adaptation behavior leads to
greater welfare gains when climate change effects
on yield variability are considered, in part because
adaptation behaviors will help mitigate increases in
yield variability due to climate change. Other risk
management options that may play an increasingly
important role in farmers’ decisionmaking under
conditions of increased yield variability include crop
insurance, expansion of irrigation or other inputs, and
adoption of moisture-conserving tillage operations
and other best management practices (Knutson et al.
2011; Darwin 2004; Beach et al. 2010). Economic
impacts of climate change will therefore also be
sensitive to the availability, effectiveness, and costs
of adaptation measures adopted in response to yield
variability as well as to those adopted in response
to changes in average yields (Adams et al. 2003).
Because little information is available on projected
changes in climate and yield variability, however,
such considerations have not been integrated into
economic impact analyses.
The scope of analysis is also defined by the number
of sectors included in the impact analysis. Existing

analyses of agricultural have focused on climate
change’s effects on cropland agriculture with some
expansion, often in the case of simulation modeling
efforts, to include the effects of changing feed prices
or competition for pasture land on the livestock
sector (Malcolm et al. 2012; Reilly et al. 2003).
Although climate change will also have direct
effects on both the productivity and management
costs of the livestock and dairy sectors, through
pathways such as lowered feed efficiency, reduced
forage productivity, reduced reproduction rates, and
costs associated with modifying livestock housing
to reduce thermal stress, relatively few economic
impact studies have estimated these costs. In the
absence of such estimates, most system-wide
economic impact assessments, with few exceptions
(i.e., Adams et al. 1999; Reilly et al. 2003), do not
account for the potential direct costs and productivity
effects of climate change on livestock, forage, and
rangeland production (Antle and Capalbo 2010;
Izaurralde et al. 2011). Furthermore, crop sector
studies have focused largely on the implications of
climate change for commodity crop production, with
less attention paid to market and revenue impacts
in specialty crop sectors (such as fruits, vegetables,
tree nuts, and nursery crops), though in 2010 such
crops accounted for roughly 37% of all U.S. cash
receipts for farm crops (Antle and Capalbo, 2010;
ERS 2012).
Interactions within agricultural sectors and across
other sectors of the economy will also be an
important determinant of aggregate economic
impact, as climate change will directly affect
cropland, forestry, and livestock (as well as all
other economic sectors) simultaneously. However,
only a small subset of studies has looked at the
effects of changing relative productivity across
sectors on resource allocation decisions such as
shifting land use among crop, livestock, and timber
production (Darwin et al. 1995; Alig et al. 2002;
Sands and Edmonds 2005; Reilly et al. 2007).
Reilly et al. (2007) argue that because agricultural
adaptation requires shifting resources into or out of
the agricultural sector, the full economic impact of
those changes can only be assessed using economywide measures of well-being that take into account
aggregate consumption across all goods and services.
Other issues of scope are implicit in the methodology
used to estimate changes in environmental indicators
arising as a result of climate change. Economic
impact estimates of climate change are often derived
by comparing economic outcomes at some future
date under climate change to outcomes under the
current climate (Antle and Capalbo 2012). The
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regional costs (or benefits) of climate change are
measured as the differences in welfare or revenue (or
other economic indicator of interest) between these
two points of comparison. This method, however,
fails to take into account the costs associated with
transitioning from the current to the future position
– including, for instance, the costs of developing
the transportation, distribution, and irrigation
infrastructure necessary to support new patterns of
agricultural production – or how such “adjustment”
costs are affected by the rate and variability with
which climate conditions change over time (Quiggin
and Horowitz 2003; Patt et al. 2010). Quiggin and
Horowitz (2003) argue that adjustment costs are
likely to be the greatest element of cost in response
to climate change, but they are largely ignored in
sector-level economic impact studies (Patt et al.
2010, Antle and Capalbo 2010; Hertel et al. 2010).

In an analysis of
adaptation capacity by
production region, Antle
et al. (2004) argue that
areas with marginal
financial and resource
endowments, such as
the Northern Plains, are
especially vulnerable to
climate change.

Sensitivity of Economic Impact
Estimates to Socioeconomic and
Technology Projections and Treatment
of Adaptation Constraints
Because likely future responses to climate change
depend upon a wide array of uncertain variables,
the climate change community has relied heavily
on the development of future scenarios, or plausible
narratives describing how the future might unfold
with respect to characteristics such as socioeconomic
variables, technological and environmental
conditions, and greenhouse gas (GHG) emissions
(Moss et al. 2010). The IPCC, for instance, created
a storyline describing population, economic
growth, technology and clean energy adoption,
and agriculture and land use to inform each of the
potential emissions scenarios used in its analyses
(Nakicenovic et al. 2000).
No such narratives have historically been available
for more sector-specific input assumptions such as
future crop and livestock productivity, farm policy,
farm size, and input and output prices, however,
so economic impact assessments generally assume
that historical conditions or trends continue into
the future. Smooth continuity is unlikely given
the magnitude of disturbance to the agricultural
system expected under a changing climate and the
extended time horizon of many such analyses, so
recent research has focused on developing a set of
“Representative Agricultural Pathways” (RAPs)
that expands the coverage of global socioeconomic
scenarios to include more region-specific agricultural
and economic development conditions relevant to
agricultural modeling efforts. Such RAPs include

assumptions about size of farm households,
availability of agricultural labor, investments in
transportation and communication infrastructure,
price of fertilizer and seed inputs, and trade policy on
agricultural exports (Claessen et al. 2012). Research
studying the sensitivity of climate change effects to
RAP specification in Kenya finds that estimates of
climate change are highly sensitive to assumptions
made about future socioeconomic and technological
conditions, in part through differential implications
for farm livelihood and technical and financial ability
to adapt (Claessen et al. 2012).
While limitations of scope were described above
as a problem for generating robust estimations of
the economic impacts arising from effects to and
adaptation within the agricultural sector, trade-offs
may exist between expanding economic analyses
(i.e., considering effects within other sectors of
the economy or world markets) and the ability
to represent adaptation options and constraints
effectively at the producer level. For instance, studies
that look at international trade in a rigorous way are
generally based on an analysis of highly aggregated
data and regions; such models and methodologies
are unable to capture the dynamics of potential
adaptive responses at the farm level, such as changes
in harvest in planting days or changes in capital
equipment or infrastructure as farms within a region
find it necessary to change their production methods.
Few economic impact analyses in the United States
have incorporated potential constraints to adaptation
related to farm financing and credit availability,
for instance, though research suggests that such
constraints may be significant. Farmer members of
a sustainable agriculture organization in Nebraska
reported lack of capital as their largest perceived
barrier to implementing drought risk-reduction
practices (Knutson et al. 2011). In their analysis of
dairy and specialty crop farms in the Northeastern
United States, Wolfe et al. (2008) identify small
family farms with little capital as those most
vulnerable to climate change (Wolfe et al. 2008).
In an analysis of adaptation capacity by production
region, Antle et al. (2004) argue that areas with
marginal financial and resource endowments, such
as the Northern Plains, are especially vulnerable to
climate change (Antle et al. 2004). In addition to
technical and financial ability to adapt to changing
average conditions, farm resilience to climate change
is also a function of financial capacity to withstand
increasing variability in production and returns,
including catastrophic loss (Smit and Skinner
2002; Beach et al. 2010). Such farm-level analyses
emphasize the importance of complementing and
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informing economy- and sector-wide impact studies
with more detailed analyses of the implications of the
heterogeneity of farms and farmers in determining
farm viability, and the potential for adaptation under
a changing climate both within the United States and
internationally (Claessen et al. 2012).
Farmers’ adaptation decisions may also be
constrained by elements of “path dependency” within
the agricultural system (Vanloqueren and Baret 2009;
Chhetri et al. 2010). Examples of path dependence
include technological lock-in (e.g., arising from
sunk machinery costs), social, economic, and
cultural reinforcement of prevailing development
paths, and lags in institutional response that might
otherwise enable more rapid adoption of innovative
technologies (Chhetri et al. 2010). Little research has
been done on the potential effects of such constraints
on the speed and efficiency of agricultural adaptation
or on the resulting economic implications of such
obstacles. Differences in farm-scale ability to absorb
the costs associated with adaptation may also have
implications for existing agricultural trends toward
large-scale agricultural production and vertical
integration in U.S. agriculture.
The Changing Geography of Production
The migration of crop production in response to
climate change has been recognized as a likely
adaptation mechanism since the early days of
integrated assessment modeling (Adams et al. 1995;
Darwin et al. 1995). Regional capacity for expanding
agriculture or irrigated production will depend on
resource constraints such as the availability of land
and water (Darwin et al. 1995; Schlenker et al.
2007). Large bands of uncertainty around future
projections for regional precipitation change make
it difficult to predict with precision regional changes
in relative productivity, and estimates of net land
brought into production as a result of climate change
are mixed and highly sensitive to which models
and climate assumptions or scenarios are used in
the estimation (Zhang and Cai 2011; Malcolm et
al. 2012). In general, however, studies estimate that
arable land will increase at the higher latitudes,
including Canada, Russia, Northern United States,
and southern Argentina, and decrease in western
Africa, Central America, western Asia, the South
Central United States, and northern South America
(Ramankutty et al. 2002; Zhang and Cai 2011).
Fischer et al. (2005) estimate that by the 2080s,
expansion of cropland in Southeast Asia will be
particularly constrained due to land-use competition
from other sectors combined with a lack of suitable
agricultural land.

Sensitivity of Economic Impact
Estimates to Estimation Methodology
Methods used for climate change assessment
vary widely and have included expert opinion,
statistical estimation using hedonic and production
function approaches, and integrated assessment
modeling (Schlenker et al. 2005). These assessment
methodologies have differing capacities for reflecting
adaptation options, allowing the adoption of
adaptation technologies that don’t yet exist, capturing
the effects of market responses such as changes in
the prices of inputs and outputs, and accommodating
scope and scale considerations like those described
above (Antle and Capalbo, 2010).
Statistical estimation methods, for instance, use
observed data on agricultural production and
climate between regions to parameterize functional
relationships between climate variables and
production (or production value, or value of land
used for production) (Adams et al. 1998). Projected
climate effects can then be inferred by changing the
input climate variables and observing a production
change based on the historically derived relationship.
Estimating future effects based on relationships
observed in past data, however, cannot take into
account the possibility of future technological
changes that might fundamentally change production
decisions and adaptation options. Such estimation
methods are also highly sensitive to model structure.
In an exploration of the hedonic estimation method
– a widely used statistical methodology for impact
assessment – Schlenker et al. (2005) demonstrate
that pooling dryland and irrigation acreage in a single
statistical model, as other authors have done, can
yield biased estimates of economic impact because
different explanatory variables are required for the
different types of production system (Schlenker
et al. 2005). When they run a hedonic climate
change impact estimate for dryland acreage only,
they predict unambiguously negative effects on
U.S. agriculture from climate change. The hedonic
estimation method has also been criticized as highly
sensitive to seemingly minor model structure choices
related to weighting schemes, dummy variables, or
control variables (Deschenes and Greenstone 2007).
A second major approach to economic impact
assessment is the structural approach, which
employs integrated assessment models to measure
the economic consequences of climate change
(Adams et al. 1998). Integrated assessment models
have been broadly defined as “any model which
combines scientific and socio-economic aspects of
climate change primarily for the purpose of assessing
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policy options for climate change control” (Kelly
and Kolstad 1999). Over the past few decades,
integrated assessment modeling efforts have used
model ensembles from several different disciplines
to tie together the dynamics of climate effects at
various scales for a broader picture of projected
agricultural system response and effects. These
analyses allow for the introduction of a wide range
of potential adaptation behaviors, though that
flexibility is limited by the structure and scale of the
component models, as well as by the need to specify
for newly introduced adaptation options cost and
benefit information that may be unknown or highly
uncertain.
Integrated assessments of climate change effects
must synthesize information on dynamics and
relationships that occur at multiple scales, identifying
and capturing relevant driving forces and feedbacks
without getting bogged down in “unwarranted
precision” at any point in the system (Challinor et
al. 2009; Polsky and Easterling 2001). Finding the
appropriate balance of generality and specificity in
region and scale is challenging, as are the technical
details associated with using information produced
at one scale (i.e., field-scale crop dynamics) in
an analysis at a completely different scale (i.e.,
international trade modeling) (Challinor et al. 2009).
These modeling efforts have increased the
sophistication with which the dynamics of the
climate-crop-international economy nexus can be
represented, but many are now confronting a lack
of reliable data in critical areas such as soil types,
land use, and hydrological processes worldwide.
Furthermore, determining the validity and robustness
of results emerging from such efforts has been
hampered by the lack of consistent data, model
structure, and input assumptions across modeling

efforts (see sidebar below). Technical research needs
related to the synthesis of information at multiple
scales include improved understanding of the
implications of different methods of downscaling and
upscaling information in climate change assessments,
and more sophisticated model linkages to more
accurately reflect the effect of factors that influence
adaptation options and behavior at multiple scales.

International Effects and Food Security
Implications
Using a linked series of 34 national and regional
agricultural economic models, Fischer et al. (2005)
estimate that under a range of climate scenarios
evaluated in 2080, agricultural gross domestic
product (GDP) increases in most developed countries
and decreases in most developing countries (with the
exception of Latin America). In North America, gains
to agricultural GDP range from 3 to 13%, depending
on the climate scenario (Fischer et al. 2005),
however the effects of climate change are generally
projected to be more severe in poor developing
countries (Winters et al. 1998; Parry et al. 2004;
Mertz et al. 2009; Hertel et al. 2010a). Productivity
may be more negatively affected because many
developing countries are already at the upper end
of their temperature ranges, and precipitation is
not expected to increase as it is in many temperate
regions (Easterling et al. 2007; Mertz et al. 2009).
Overall economic impacts may be more severe
because developing countries rely on agriculture for
a much greater proportion of their national income
and employment than do developed countries (Mertz
et al. 2009).
Furthermore, relative capacity for adaptation varies
by region, country, sector, and crop, and is therefore

The Agricultural Model Intercomparison and Improvement Project
(AgMIP)
AgMIP is advancing the integrated assessment modeling effort by bringing together climate scientists,
crop scientists, soil scientists, and social and behavioral scientists from around the world to create
common protocols and compare climate projections, crop modeling projections, and production
and trade results across research efforts. These comparisons will be used to better understand and
isolate sources of variation and uncertainty across analysis tools and scales, as well as to improve the
compatibility and availability of the spatially explicit climate, resource, and yield data necessary for such
analyses. Through improved tools and data for characterizing world food security implications of climate
change, AGMIP hopes to provide substantially improved inputs into international research efforts and
decision-making processes about climate change impacts and risks.
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itself a factor in determining how the economic
impacts of climate change will be distributed across
and within agricultural sectors worldwide. Tol (2009)
suggests that “low-income countries are typically
less able to adapt to climate change both because of a
lack of resources and less capable institutions.” Such
differences in relative adaptive capacity, together
with differential climate change effects on yields,
may entrench and exacerbate existing production and
consumption discrepancies between developed and
developing countries (Fischer et al. 2005; Tubiello
et al. 2007a; Parry et al. 2005). Even future climate
scenarios with mild to inconsequential aggregate
global effects on food production may result in
severe implications for the food security of the
world’s poorest and most vulnerable populations.
Concerns about whether future food supply can meet
the demands of a growing population have been
raised independently of climate change issues, often
citing issues related to increasing meat consumption
and increasing use of grain for biofuel production
(Edgerton 2009; Funk and Brown 2009). Questions
about the evolution of agriculture under changing
climate conditions, however has added several new
levels of risk and uncertainty to those analyses. The
food security implications of climate change vary
significantly according to the assumptions made
about level of development and population growth
into the future that underlie emissions trajectories
used in the climate scenarios, for instance (Fischer
et al. 2005). As with economic impacts, the food
security implications of climate change are also
significantly different across regions (Funk and
Brown 2009; Hertel et al. 2010a; Acevedo 2011).
Climate change in the near term is not expected to
significantly affect aggregate global food production
(Rosenzweig and Parry 1994; Darwin et al. 1995;
Parry et al. 2004). Studies have consistently
suggested that climate change is not a significant
food security risk for the United States and other
developed countries in the near to medium term
(Adams et al. 1995; Cline 2007; UNDP 2007). This
dynamic is only partly due to the yield assumptions
associated with climate change assessments in the
United States. Research suggests that production
in the United States is much more variable across
possible climate projections than is consumption;
trade patterns adjust to keep U.S. consumption fairly
stable despite effects on production (Sands and
Edmonds 2005).
Concerns about food security are more acute for
other regions of the world, however. Regional
differences in yields and adaptation capacity

are expected to result in regional differences in
vulnerability to effects of hunger and poverty, with
particularly severe implications for tropical semi-arid
developing countries (Parry et al. 2004; Fischer et
al. 2005; Parry et al. 2005). Almost 90% of world
hunger is concentrated in Asia, the Pacific, and SubSaharan Africa (Acevedo 2011). These regions are
particularly vulnerable to climate change; by the
end of the 21st century, there is a high probability
(>90%) that normal growing season temperatures in
the tropics and the subtropics will exceed the hottest
temperatures on record for those regions from 1900
to 2006 (Battisti and Naylor 2009).
The production and calorie consumption implications
for these regions are significant. Fischer et al. (2005)
estimate a global increase in undernourishment of
15% by 2080 under a “worst case” high population
development scenario (A2). Using a statistical
analysis of historical relationships between harvest
and temperature/precipitation for major crops in
12 “food-insecure” regions, Lobell et al. (2008)
identified south Asia and southern Africa as
two regions with a high probability of suffering
production losses to crops important to large, foodinsecure populations. These results are consistent
with several other studies that project negative effects
of climate change on productivity and food security
in Africa and south Asia (Parry et al. 2005; Schlenker
and Lobell 2010; Challinor et al. 2007; IPCC 2007a;
Funk and Brown 2009). Hare et al. (2011) review
a number of studies projecting significant risks to
food security in south Asia, Sahelian and northern
Africa, and Russia with mean global temperature
increases of 2°C (Hare et al. 2011). Funk and Brown
(2009) estimate that interactions between drought
exacerbated by climate change and declining
agricultural capacity (including the effects of
population growth) could increase demand for World
Food Program humanitarian assistance by 83% by
2030 in the absence of agricultural development that
mitigates effects on yields.
Other climate-related market and political dynamics
may further increase the vulnerability of poorer
countries. Yu et al. (2011) report that trade policy
changes resulting from increasing food prices (such
as the export bans or export restrictions observed
in 2007-2008) have served to further increase food
prices, particularly for the poorer, food-deficit
countries/regions, causing them to lower their
imports of agricultural and food commodities.
Such trade disruptions can increase the risk of food
insecurity among vulnerable populations. Other
aspects of the food supply system, including the
distribution infrastructure, demand factors, and
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other elements related to access and utilization
may also be affected by climate change, however
little research has been done on elements of food
supply and security beyond global food production
(Schmidhuber and Tubiello 2007; Jarvis et al. 2011).
Like economic impact assessments, food security
assessments have also focused on the implications
of shifts in mean climate conditions and excluded
the effects on production of increased incidence
of extreme events like drought and flooding
(Shmidhuber and Tubiello 2007).

land use changes and other aspects of management
decisions.” However, some economic impact
studies have explicitly linked climate change and
adaptation with environmental effects. Malcolm et
al. (2012) found that the changes in environmental
indicators of erosion and nutrient loss associated
with changing agricultural patterns in response to
climate change were disproportionately larger than
the increase in agricultural acreage experienced;
climate changes were therefore projected to result in
some combination of an intensification of agriculture
(and environmental effects) on existing acreage and
an expansion of production onto acres with higherthan-average environmental effects. Antle et al.
(2004) also found that shifting production patterns
in response to changing climate conditions within
a dryland, grain-producing region in Montana had
substantial effects on soil carbon stocks.

While developing countries may be particularly
vulnerable to climate change effects, substantial
gaps between crop yield potential and actual yields
(“yield gaps”) in those countries may represent
an opportunity to offset negative climate change
effects through investments that narrow yield gaps
on existing croplands (Lobell et al. 2009; Schlenker
and Lobell 2010). Furthermore, Tilman et al. (2011)
suggest that “strategic intensification” of agriculture
that targets yield gaps and elevates yields on existing
croplands of under-yielding nations can significantly
reduce the potential environmental effects associated
with meeting 2050 global crop demands.

Climate Change Effects and the
Environment
Meeting food demand in the future will involve
multiple strategies, including intensification of
production on existing land, expansion of agricultural
land, and reduction of waste along the food supply
chain (Pfister et al. 2011). Reliance on specific
adaptation mechanisms will depend on regional
patterns of climate change; however, intensification
and expansion of agriculture can have significant
environmental implications. A multitude of concerns
are linked with climate change, including increased
water stress and competition with downstream
aquatic systems, increased GHG emissions
associated with land clearing, increased pesticide
use, increased nutrient loading, and loss of natural
systems and the ecosystem services they provide
(Malcolm et al. 2012; Reilly et al. 2003; Pfister et al.
2011; Tilman et al. 2011; Antle and Capalbo 2010).
Economic impact studies generally do an inadequate
job of addressing such environmental concerns.
Antle and Capalbo (2010) concisely articulate the
problem: “Due to both data and model limitations,
ecosystem services have not been incorporated into
integrated assessment studies and cannot be linked
to reduced-form statistical studies that do not model

Potential environmental effects are associated with
both intensification of agriculture and expansion of
cropland. Identifying and incentivizing the adoption
of environmentally friendly management practices
that deal effectively with climate-change-related
challenges, such as shifting diseases and pests and
increased incidence of flooding and other extreme
events, will be a critical and challenging element
of a sustainable agricultural adaptation strategy
for climate change. Environmental effects may
also be reduced through adaptation and agronomic
advancements that result in increased yields per acre
(Burney, 2010; Tilman, 2011). Pfister et al. (2011)
suggest that incorporating environmental affects
into decisionmaking may fundamentally change
agricultural systems by directing crop production
toward areas where environmental effects from
production are relatively low.

Climate Change, Economic Resilience,
and Extreme Weather Events
Economic approaches to climate change impact
assessment are just beginning to make use of
concepts of system resilience and adaptability that
have traditionally been more widely developed in the
ecological literature (Antle et al. 2010; Chapter 7 of
this volume). A farm’s economic resilience to climate
change refers to its ability to survive a large climaterelated economic shock, such as those associated
with sudden reductions in output or increases in
input prices (Antle and Capalbo 2010). A farm’s
capacity for adaptation and its economic resilience
are inextricably linked. Both are functions of a farm’s
access to the natural, physical, human, and financial
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resources necessary to absorb economic shocks in the
short-term, while simultaneously responding to longterm shifts in growing conditions and market prices.
Economic impact assessments focusing on the
long-term adaptability of the agricultural sector
have nevertheless been largely unable to address
the challenges and implications associated with
short-term resilience of farm production enterprises
under a changing climate. There is little information
available on the relationship between climate change
and the incidence of critical economic thresholds
related to profitability and financial sustainability
for different farm sectors and types of operations.
Climate change analysis has generally focused on the
effects of mean changes in climate variables rather
than on the effects of variability and extreme events,
due in large part to a lack of data on the variability
associated with the climate projections derived from
general circulation models (GCMs). Nevertheless, as
is the case for effects on crop productivity (Tubiello
et al. 2007a; Gornall et al. 2010), farm financial
vulnerabilty and resilience may be more sensitive to
the magnitude and timing of extreme events than to
the effects of mean growing season changes under
a changing climate. Extreme events may directly
affect crops at critical developmental stages, such as
flowering, for instance, or may reduce the efficiency
of farm inputs by reducing the flexibility of timing
of farm operations and applications (Tubiello et al.
2007b; Hatfield et al. 20011). Livestock and dairy
production may also be more affected by changes in
number of days of extreme heat than by adjustments
of average temperature. Catastrophic crop or
livestock losses are likely to affect the financial
viability of production enterprises in a fundamentally
different way than moderate losses over longer
periods of time.
Attention is increasingly turning in both biophysical
and economic research arenas to likely changes in
the timing and variability of climate conditions,
with particular attention to the incidence of extreme
events such as drought or flooding. Rosenzweig
et al. (2002) estimated that, under climate change,
losses to corn production in the United States
from precipitation extremes would be expected to
increase substantially and by 2030 could average $3
billion per year. Such events may represent critical
economic thresholds for farming operations and
compromise their ability – and the ability of the
agriculture sector as a whole – to engage in longterm adaptation.

Extreme Events
Climate change projections suggest a likely increase
in regional and seasonal variability of temperature
and precipitation. There is a spatial and temporal
component to these changes across the United States.
Karl et al. (2009) showed that precipitation events
would change in frequency and intensity with a
projected increase in spring precipitation, particularly
in the Northeast and Midwest, and a decline in the
U.S. Southwest; summer precipitation is projected to
decrease.
Temperature trends will likely be more uniform than
those of precipitation; projections generally call
for more occurrences of “heat events,” or episodes
that exceed the expected average temperatures by
3 to 5°C (Karl et al. 2009). In a recent analysis,
Munasinghe et al. (2011) showed that the frequency
of high temperature extremes increased 10-fold in the
first three decades of the 20th century (1900-1929),
and in the last decade (1999-2008). The change in
frequency of high temperatures was greater in the
tropics than in the higher latitudes, and the frequency
of extremes was greater in the daily minimum
temperatures compared to the daily maximum
temperatures. Increases in temperature are also often
associated with lack of precipitation, potentially
leading to more drought occurrences.
Some evidence exists that the United States is
already experiencing an increased incidence of
extreme weather events. A compilation of the
economic impact of extreme events with an
economic impact in excess of $1 billion shows an
increase in this extent of economic damage over the
last 30 years, as shown in Table 6.2 (NOAA NCDC
2011). The regions affected by extreme events vary
across the years both in economic impact and spatial
extent. Across the United States from 1980 through
2011 there has been an increase in the number
of events with significant economic impact. An
increased occurrence of extreme events associated
with climate change across the United States will
likely lead to an increased incidence of weather
events with significant economic impact.
Patterns already evident in crop insurance payments,
workable field days, and soil erosion provide a
glimpse into the implications for agriculture of an
increased incidence of extreme events. The following
analyses focus on Iowa as a case study but are
typical of the upper Midwest in terms of the expected
outcomes. Because of regional heterogeneity in the
expected effects of climate change, the implications
of climate change may be quite different for other
regions within the United States.
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for the period 1971-2000 (Figure 6.1). Indemnities
are paid out by crop insurance companies to farmers
for losses occurring, for example, due to drought,
flooding, or crop price declines. Several factors may
have contributed to this trend, including changing
frequency and intensity of weather extremes,
increased acreage enrollment in crop insurance
programs, and an accompanying reduction in reliance
on ad hoc disaster payments. While future research
is required to clarify the relative importance of
these factors, insight into changing crop insurance

Crop Insurance
Extreme events trigger claims for crop insurance
and claims in the United States have been made in
response to drought (40%), excess moisture (25%),
hail (5-10%), hurricane (5%), excess heat (<5%),
and other causes (20%) (OECD-INEA-FAO 2010).
An evaluation of the changes in Iowa crop insurance
indemnities show that indemnities in the first decade
of the 2000s far exceed those occurring during 19711999; 2001-2010 indemnities are 3.5 times those

Table 6.2. Extreme event, location, and economic impact for the United States. Source: NCDC, 2011.

Year

Event

Location

Sector

Economic Impact
(2011 $)

2011

Upper Missouri River
Flooding

Upper Midwest (MT,ND,SD, IA,
KS, MO)

Agriculture

2.0 Billion

2011

Mississippi River
Flooding

Lower Mississippi River (AR, TN,
LA, MS, MO)

Agriculture

1.9 Billion (3-4 Billion
total)

2011

Heat/Drought

Southern Plains/Southwest

Agriculture

10.0 Billion

2009

Drought

Southwest/Great Plains (TX, OK,
KS, AZ, NM, CA)

Agriculture

5.3 Billion

2008

Drought

South and West (CA, TX, GA, TN,
NC, SC)

Agriculture

2.0 Billion

2008

Flooding

Upper Midwest (IA, IL, IN, MO,
MN, NE, WI)

Agriculture

15.8 Billion Total

2007

Drought

Great Plains and Eastern U.S.

Agriculture

5.5 Billion

2007

Freeze

East and Midwest U.S.

Agriculture

2.2 Billion

2007

Freeze

California

Agriculture

1.5 Billion

2006

Drought

Central U.S.

Agriculture

6.7 Billion

2005

Drought

Central US (AR,IL,IN, MO,
OH,WI)

Agriculture

1.2 Billion

2003

Storms and Hail

Southern Plains and lower MS
valley

Agriculture

1.6 Billion

2002

Drought

30 states, western, Great Plains,
and eastern U.S.

Agriculture

12.5 Billion

2000

Heat/Drought

South-Central and Southeastern
U.S.

Agriculture

5.2 Billion

1999

Heat/Drought

Eastern U.S.

Agriculture

1.4 Billion

1998

Freeze

California

Agriculture

3.5 Billion

1998

Heat/Drought

TX/OK to the Carolinas

Agriculture

8.3-12.4 Billion

1995-1996

Drought

TX/OK

Agriculture

7.2 Billion

1993

Flooding

Upper Midwest

All Sectors

32.8 Billion

1993

Drought

Southeastern U.S.

Agriculture

1.6 Billion

1990

Freeze

California

Agriculture

5.9 Billion

1989

Drought

Upper Great Plains (ND,SD)

Agriculture

1.4 Billion

1988

Drought

Central and Eastern U.S.

Agriculture

76.4 Billion

1986

Heat/Drought

Southeastern U.S.

Agriculture

2.1-3.1 Billion

1985

Freeze

Florida

Agriculture

2.5 Billion

1983

Freeze

Florida

Agriculture

4.5 Billion

1980

Heat/Drought

Central to Eastern U.S.

Agriculture

54.8 Billion
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programs is gained by examining the relative fraction
of indemnities from different causes.
Crop indemnities and their causes are examined for
Iowa for 1971-2010. A shift has occurred in primary
causes of climate and weather extremes. In the
1970s and 1980s, indemnities for hail and drought
accounted for 70-80% of total indemnity (Figures 6.2
and 6.3). Drought remains an important factor, but is
exceeded by indemnity claims for excessive moisture
and flood (Figures 6.4 and 6.5). The reduction in
the fraction of indemnity from hail claims likely is
an indicator of shifts in crop insurance policy and
enrollment in crop insurance programs. Since little
evidence exists of a decrease in hail frequency, the
implication is that increased penetration of drought
and excessive wetness/flood has increased exposure
of the crop insurance industry to rain and drought
events. If we assume farm bill changes to insurance
coverage have not disproportionately increased the
likelihood of payouts (or insurance payments) due
to either drought or excessive wetness/flood, then
the relative fractions of indemnity from excessive
wetness/flood and drought may be an indicator of
changes in frequency of extreme wet and dry periods.
The relationship between annual precipitation and
fraction of indemnity paid out for drought, flood,
and excessive wetness is examined in Figure 6.6.
For precipitation levels below the annual average
rainfall for Iowa (33.64 inches for the 19552010 period, which is the period of the indemnity
database) there is generally a relatively high fraction
of indemnity going to drought, with low fractions
paid out due to flood and excess precipitation events.
For precipitation levels above 1.8 – 1.3 inches/year,
the fraction of indemnities paid out to drought and
excess flood events increases markedly.

Fig. 6.1. Crop insurance indemnity (unadjusted dollars) in
Iowa 1971–2010. Source: USDA-RMA.

Since the 1980s, many of the indemnity claims occur
during individual years that can be described by a
single climate extreme. During the 1980s, drought in
the extreme years of 1988 and 1989 accounts for 30%
and 19%, respectively, of the decade’s total indemnity
claims. In the 1990s, the 1993 flood accounts for
24% of the decade total. In the 2000s, the drought of
2003 and flood of 2008 account for 21% and 45%,
respectively, of the decade total. However, in 2011
(which ranks third in crop indemnities for the years
between 2001 and 2011, behind 2003 drought and
2008 flood), crop indemnity in Iowa includes claims
for both excessive wetness in the spring and drought
during the summer. Climate model projections for
the mid-21st century project a continuing trend of
wet springs, while also maintaining the potential for
summer drought. Other hybrid years occurred prior
to 2011 (Table 6.3), but the total indemnity in 2011
represents from 2 times to 24 times the indemnity of
the 8 other hybrid years since 1971.

Table 6.3. For Iowa, Hybrid Drought: Excessive Wetness Years since 1971, Total Indemnity, and Ratio to 2011. Source: U.S.
Department of Agriculture, Risk Management Agency. “Cause of Loss Historical Data Files.” Accessed from http://www.rma.
usda.gov/data/cause.html on 3/19/12.

Iowa Hybrid Drought Index
Occurrence of Excessive
Wetness by Year

Fraction of total indemnity for
drought:wetness

Total Indemnity
(US$)

Ratio to 2011

1984

48%:25%

18003685

5.0

1985

40%:23%

12053131

15.6

1991

26%:46%

12053131

7.4

1992

28%:20%

12053131

7.4

1997

32%:30%

4881255

18.4

2001

31%:43%

48888822

1.8

2005

42%:16%

12893619

7.0

2007

20%:24%

16234329

5.5

2011

22%:24%

89782894

1.0
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Figs. 6.2, 6.3, 6.4, and 6.5. Fraction of total indemnity by cause for 1971–1980, 1981–1990, 1991–2000, and 2001–2010.
Source: U.S. Department of Agriculture, Risk Management Agency. “Cause of Loss Historical Data Files.” Accessed from
http://www.rma.usda.gov/data/cause.html on 3/19/12.

Fig. 6.2

Fig. 6.3

Fig. 6.4

Fig. 6.5
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Fig. 6.6. In Iowa during 1955–2010, fraction of total annual
indemnity from drought, flood, and excessive wetness
versus the annual rainfall. Source: U.S. Department of Agriculture, Risk Management Agency. “Cause of Loss Historical
Data Files.” Accessed from http://www.rma.usda.gov/data/
cause.html on 3/19/12.

Projections of rainfall change are placed in context
of changes since 1873 to provide an indication of
how indemnities may be affected. Figure 6.7 shows
the annual Iowa rainfall and 30-year average rainfall
(computed in accordance with World Meteorological
Organization (WMO) standards). The most recent
30-year periods (1981-2010, 1971-2000, 19611990) show an upward trend of 30-year average
precipitation, increasing by 9% to 35.1 inches from
1981 to 2010, up from the 1951 to 1980 average of
32.1 inches. Prior to 1951-1990, fluctuations in the
30-year average were much smaller, ranging from
30.7 to 32.0 inches. Projections of change in 30-year
average annual precipitation for Iowa show a range
of percent change from -10% to +20%, with a large
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fraction of projections experiencing between a 5%
and 15% increase. Projections at the low end return
Iowa’s annual precipitation back to that experienced
prior to the 1961-1990 period. Projections at the high
end continue the recent trend in precipitation increase
with roughly the same rate of change.
Since warmer temperature occurs in all projections,
the lower end projections might result in a higher
indemnity fraction from droughts while the high
end projections could create mixed conditions of
excessive wet, excessive dry, and hybrid years. If
it is assumed that the standard deviation of annual
precipitation in 30-year periods is not greatly
changed in the future (historically it has ranged from
3.6 to 5.9 inches, but all but two 30-year periods fall
within a range of 4.8 to 5.9 inches), the projection
of a 5% to 15% increase in 30-year average
precipitation suggests that excessive wetness/flood
will become the dominant cause of indemnities,
though adaptation mechanisms such as innovative
drainage systems may help buffer this effect. In fact,
a 15% increase of 30-year average precipitation
is just over half the current standard deviation of
annual precipitation. This implies a much increased
frequency of having at least 30% indemnity from
excessive wetness and flood, based upon the
historical record (Figure 6.8).
Workable Field Days
Workable days in the field are a critical component of
most field-crop operations. Producers require days in
which field work can be conducted without causing
problems that would negatively crop production. The

Fig. 6.7. Annual (solid line with black squares) and 30-year average precipitation (yellow squares) for Iowa 1873–2011. The
30-year average is computed based on the WMO definition of climate normal. Precipitation in 2011 is through October.
Source: U.S. Department of Agriculture, Risk Management Agency. “Cause of Loss Historical Data Files.” Accessed from
http://www.rma.usda.gov/data/cause.html on 3/19/12.
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recent trend toward wetter springs has resulted in
fewer workable field days during the planting season.
The 50th percentile for 1976-2010 was 22.4 days.
Prior to 1995 (the mid-point of the data record), the
50th percentile was exceeded 10 times; since 1995, it
has been matched or exceeded 6 times.
Between 1976 and 1994, the average number of
workable field days between April 2 and May 13
was 22.65 days. This declined to 19.12 days for
the 1995-2010 period. The number of workable
field days for April through mid-May is negatively
correlated with April through May rainfall (-0.716)
(Figure 6.9). The 1873-2010 Iowa statewide AprilMay rainfall has a mean of 7.9 inches, median of
7.04 inches, 75th percentile of 8.8 inches, and 95th
percentile of 10.3 inches. When April-May rainfall
is below the median, field work days are rarely less
than 20; whereas above the 75th percentile they
are rarely more than 20. One adaptation to reduced
workable field days is to increase equipment size to
allow more area to be managed in a shorter period of
time; another adaptation would be to diversify crops
to spread the operation times over a larger portion of
the growing season, and, finally, selection of varieties with different maturity lengths would allow for a
longer period for planting.

effects of a changing climate on their decisionmaking
process. Excessive precipitation during the fall can
disrupt harvest operations and negatively affect product quality. Examples of untimely events affecting
product quality have been reported for raisin harvest,
hay harvest, and grain harvest, where excessive soil
water causes delays in harvest and soil damage from
equipment passing over saturated fields. Excessive
moisture during harvest can also lead to disease
outbreaks, which affect hay, grain, vegetable, or fruit
quality.
Soil Erosion
Soil erosion rates are useful for illustrating the
potential effects of extreme events on agriculture.
Soil erosion is the result of inadequate infiltration
rates and excessive rainfall that exceeds the soil’s
capacity to absorb water (see Chapter 4 of this
report). Iowa State University (ISU) has conducted
an extensive effort to provide estimates of statewide
soil erosion using a soil-erosion model and the
National Weather Service’s 15-minute radar
estimates of rainfall.

Estimates of workable field days should be calculated
for all agricultural regions for the critical fall and
spring field seasons to help producers understand the

A spring 2010 aerial survey conducted by the
Environmental Working Group (EWG) indicated that
soil erosion and runoff (Cox et al. 2011) are likely
far worse than the ISU predictions suggest, however.
Part of this underestimate is the inability of current
models to account for the effect of widespread

Fig. 6.8. Projected mid-21st Century change (2040–2069 minus 1970–1999) of 30-year average annual temperature and
precipitation. Source: “Bias Corrected and Downscaled WCRP CMIP3 Climate Projections” archive at http://gdo-dcp.ucllnl.
org/downscaled_cmip3_projections/. Maurer, E. P., L. Brekke, T. Pruitt, and P. B. Duffy (2007), ‘Fine-resolution climate projections enhance regional climate change impact studies’, Eos Trans. AGU, 88(47), 504.
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“ephemeral gullies.” During heavy rains, these
gullies reappear rapidly where farmers have tilled
and planted over natural depressions in the land,
forming “pipelines” that swiftly carry away the water
the soil cannot absorb.
The ISU data and EWG’s survey reinforce longstanding doubts about the current system used to
determine sustainable levels of erosion for working
cropland; sustainable here is defined as how much
soil loss the land can tolerate before it loses its ability
to support a healthy crop. There is substantial and
growing evidence that these tolerable soil losses (“T
values”) greatly overstate the ability of cropland
to remain fertile when experiencing soil erosion
and water runoff. These concerns may become
particularly relevant at a time when a warming
climate is producing ever more frequent severe
storms that can quickly exceed soil’s ability to absorb
water and can produce high levels of erosion over
very short periods of time.
Over 3 days in 2007 (May 5-7), such a storm
pummeled large portions of southwest Iowa. Data
available from USDA’s 2007 National Resources
Inventory (USDA 2009) calculate the average
erosion rates in Iowa at 5.2 tons per acre per year,
only slightly higher than the “sustainable” T-value of
5 tons per acre per year for most Iowa soils (Figure
6.10). However, according to results from the Iowa
daily erosion project (Iowa State University), average
erosion exceeded sustainable rates in 198 townships

Fig. 6.9. Iowa average field work days during April through mid May
versus April through May rainfall. Light blue line is 50% April-May
rainfall (7.04 inches); dark blue is 75% (8.8 inches); black is 95%
(10.3 inches). Source: Monthly Iowa Precipitation Data is from Iowa
State Climatologists Office (http://www.iowaagriculture.gov/climatology.asp), who is responsible for quality control and quality assurance of the 33-station long-term climate reference network. After
QC/QA, the data are submitted to the NOAA data archive at NCDC.
U.S. Department of Agriculture, National Agricultural Statistics Service. “Field Work Days Data Files.” Accessed from http://www.rma.
usda.gov/data/cause.html on 3/19/12.

(4.6 million acres). On May 6, the worst day of the
storm, 182 townships encompassing 4.2 million acres
suffered erosion exceeding the sustainable rate for an
entire year. In 69 townships (1.6 million acres), soil
eroded at twice the sustainable rate, an average of 10
tons per acre. In 14 townships (323,000 acres), the
rate was more than 20 tons per acre.

Fig. 6.10. Estimates of soil displacement per unit of daily rainfall obtained from Iowa data. Data Source: The data collected
for this summary plot are archived under the Iowa Daily Erosion Project. http://wepp.mesonet.agron.iastate.edu/ (Verified
Apr 2, 2012).
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Observations of soil erosion and daily rainfall rates
show a rapid increase in soil displacement as the
daily rainfall exceeds 100 mm. These daily totals
are not uncommon during extreme events for the
upper Midwest. More intense rainfall events are
likely to cause more erosion events unless improved
conservation practices (e.g., residue cover, reduced
tillage, installed waterway conduits) are adopted to
reduce rain energy, protect soil, and reduce runoff.

Conclusions
There remains a high degree of uncertainty in
estimating both the biophysical and the economic
impacts of climate change. That uncertainty is due
to limitations of data; inherent uncertainty in future
projections of emissions, available technology, and
socio-economic conditions within the agricultural
sector, and more broadly; and due to limitations in
the availability of estimation methods that capture
system-wide interactions among sectors in climate
effects and opportunities for adaptation. While
several economic impact assessments have suggested
that climate change may not substantially affect
domestic producers and consumers in the short-term,
such results are highly sensitive to the future climate
scenarios selected for analysis and to boundaries
placed on the scope of climate effects considered.
Estimates of aggregate economic impacts of climate
changes often mask considerable variability across
demographics and regions, both within the U.S. and
worldwide. Even in the short-term, climate change
will likely increase the incidence of global hunger
through effects on the world’s poorest and most
at-risk populations.
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limate change presents unprecedented challenges to the adaptive capacity of the U.S.
agricultural sector. U. S. producers are adapting crop and livestock management practices in an
effort to reduce new production risks associated
with the increased weather variability accompanying climate change. Current climate change effects
are challenging agricultural management and are
likely to require major adjustments in production
practices over the next 30 years. Projected changes
over the next century have the potential to transform
U.S. agriculture, particularly for production systems
at their marginal climate ranges. Effective adaptive
action across the multiple dimensions of the U.S.
agricultural system offers the potential to capitalize
on the opportunities presented by climate change and
minimize the costs by reducing the severity or avoiding negative effects of a changing climate.

Understanding Agricultural
Vulnerability
Vulnerability and adaptive capacity are characteristics of human and natural systems, are dynamic
and multi-dimensional, and are influenced by
complex interactions among social, economic, and

e nvironmental factors (Adger et al. 2007). The vulnerability of a system is a function of the exposure
and the sensitivity of the system to hazardous conditions mediated by the ability of the system to cope,
adapt, or recover from the effects of those conditions,
i.e., the adaptive capacity or resilience of the system
(Smit and Wandel 2006) (Figure 7.1). Because agricultural systems are human-dominated ecosystems,
the vulnerability of agriculture to climatic change
is strongly dependent not just on the biophysical
effects of climate change but also on the responses
taken by humans to moderate those effects (Marshall
2010). Adaptive decisions are shaped by the operating context within which decisionmaking occurs
(for example, existing natural resource quality and
non-climate stressors, and government policy and
programs), access to effective adaptation options,
and the individual capability to take adaptive action.
The concepts of vulnerability, adaptation, adaptive
capacity, and resilience are well developed in the
global change literature (synthesized in Smit and
Wandel 2006; Adger et al. 2007; Nelson et al. 2007)
(Table 7.1); however, the methodological development to apply these concepts to adaptation planning
and assessment lags behind, particularly in developed
countries (Moser et al. 2008; Kenny 2011). Efforts to

Fig 7.1. Linked human and biophysical factors that determine the ultimate vulnerability of agricultural systems to climate
change (Marshall et al. 2010).
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identify key factors that contribute to system vulnerability to climate change effects, that address issues
of uncertainty, scale, and multidimensional system
interactions, and that develop effective integrated
indices of vulnerability or adaptive capacity typify
methodological research (e.g., Adger and Vincent
2005; Brooks et al. 2005; Alberini et al. 2006;
Eakin and Bojórquez-Tapia 2008) and participatory
research methods are increasingly employed (e.g.,
Petheram et al. 2010; Krishnamurthy et al. 2011).
Agricultural researchers have contributed to this
literature, though the primary focus of this work has
been on small-holder agriculture in the developing
world (e.g., Vincent 2007; Simões et al. 2010; Below
et al. 2012).

Adaptation Drivers
Agricultural productivity is determined by a
diverse set of biophysical, social, economic, and
technological drivers operating across multiple
dimensions of time and space. These drivers
create opportunity and present risk to agricultural
production. In particular, agriculture is highly
sensitive to weather effects with climate variations,
soil type, biotic stressors, and management being the
factors linked to production variability across many
regions (Howden et al. 2007; Hatfield et al. 2011;
Lal 2011). As climate change intensifies, Howden et
al. (2007) suggests that “climate risk” is likely to be
added to the production, finance, and marketing risks
already commonly managed by producers (Harwood

Table 7.1. Definitions of adaptation concepts.

Concept

Definition

Adaptation

Adjustment in natural or human systems in response to actual or expected climatic
stimuli or their effects, which moderates harm or exploits beneficial opportunities.
Various types of adaptation can be distinguished, including anticipatory and reactive adaptation, private and public adaptation, and autonomous and planned adaptation (Parry
et al 2007, p 869).

Adaptive capacity

The ability of a system to adjust to climate change including climate variability and extremes) to moderate potential damages, to take advantage of opportunities, or to cope
with the consequences (Parry et al 2007, p 869).

Coping capacity

The ability of a system to deal with the impacts of present-day weather extremes or
climate variability (Luers and Moser 2006).

Exposure

The nature and degree to which a system is exposed to significant climatic variations
(Parry et al 2007, p 987).

Maladaptation

Any changes in natural or human systems that inadvertently increase vulnerability to climatic stimuli; an adaptation that does not succeed in reducing vulnerability but increases
it instead (McCarthy et al 2001, pg 990).

Mitigation

An anthropogenic intervention to reduce the sources or enhance the sinks of greenhouse
gases. (Parry et al 2007, p 878)

Vulnerability

The degree to which a system is susceptible to, or unable to cope with, adverse effects of
climate change, including climate variability and extremes. Vulnerability is a function of
the character, magnitude, and rate of climate variation to which a system is exposed, its
sensitivity, and its adaptive capacity (Parry et al 2007, p 883).

Resilience

Resilience is the capacity of a system to absorb disturbance and reorganize while undergoing change so as to still retain essentially the same function, structure, identity, and
feedbacks. (Walker et al 2004).

Sensitivity

Sensitivity is the degree to which a system is affected, either adversely or beneficially, by
climate-related stimuli. The effect may be direct (e.g., a change in crop yield in response
to a change in the mean, range, or variability of temperature) or indirect (e.g., damages
caused by an increase in the frequency of coastal flooding due to sea level rise) (Parry et
al 2007, p 881).

Social-Ecological
systems

A set of critical resources (natural, socioeconomic, and cultural) whose flow and use
is regulated by a combination of ecological and social systems (Holling and Gunderson
2002).

Vulnerability

The degree to which a system is susceptible to, or unable to cope with, adverse effects of
climate change, including climate variability and extremes. Vulnerability is a function of
the character, magnitude, and rate of climate variation to which a system is exposed, its
sensitivity, and its adaptive capacity (Parry et al 2007, p 883).
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et al. 1999). Climate risk will add complexity
and increase uncertainty in agricultural decision
environments throughout the multiple dimensions of
the U.S. agricultural system.
Key drivers that shape adaptive responses to climate
change at the agricultural enterprise scale include:
experience of indirect and direct effects of climate
change (Field et al. 2007; Spence et al. 2011;
Knutson et al. 2011), market signals (Antle 2009),
current and proposed climate change policies (Batie
2009), institutional strategies (Preston et al. 2011),
farmer perceptions and preferences (Blackstock et al.
2010; Nelson et al. 2010a; Arbuckle 2011; Weber and
Stern 2011), issues awareness (e.g., food security)
(Godfray et al. 2010), and information sources and
types and how they are interpreted (Malka et al.
2009; Blackstock et al. 2010; Tarnoczi and Berkes

2010). University and industry research priorities
that focus on science agendas and technologies are
also drivers of adaptation investments because they
influence the options available to those considering
or undertaking adaptation (McDaniels et al. 1997;
Cabrera et al. 2008). Taken together, these drivers
inform both short- and long-term cost/benefit
considerations by producers seeking to maintain
profitability in the face of climate variability and
change (Antle and Capalbo 2010).

A Typology of Adaptation
Adaptation strategies can be categorized according
to a variety of central attributes: by temporal or
spatial scope; by intentionality (e.g., spontaneous
versus deliberate strategies); by specific aim (e.g.,

Table 7.2. A Typology of Climate Change Adaptation Strategies for Agriculture. This table presents examples of climate change
adaptation strategies to key biophysical and social drivers of adaptation (Iglesias, et al. 2007, Smit and Skinner, 2002). The adaptation
strategies are grouped according to the actors involved and the form the adaptation takes. The first three categories mainly involve
enterprise-scale decision-making by producers. The last two are typically the responsibility of public agencies and agribusiness. Adaptations included in these categories could be thought of as system-wide.
Adaptation Strategies
Key Adaptation Drivers

Farm Production Practices

Farm Financial Management

Farm Infrastructure

Technological Developments

Government Programs and Insurance

Increased variability
in growing conditions
(changes in seasonal
temperature and precipitation patterns)

Change crop variety and
breed, change timing
of farm operations, use
season extension and irrigation, Build soil health

Purchase crop insurance,
invest in crop shares/future,
participate in income stabilization programs, diversify
household income

Install water management
(eg, catchment, swales),
irrigation systems, weather
protection systems, data
collection/analysis systems

Drought/cold/heat tolerant crop
varieties, Efficient irrigation,
Weather and climate information
systems and decision-support
tools, Farm-level resource mgt
practices to improve resilience

Modify gov. insurance, subsidy, support
and incentive programs to influence
farm-level risk management strategies, provide technical support for risk
mgt. Modify land and water resource
management policies and programs to
improve resilience to climate change

Increased soil degradation (increased erosion
reduces soil quality)

Soil conservation practices
(eg, no-till, mulch), Build
soil health

Participate in soil conservation cost share and easement
programs

Install soil conservation
structures (eg, terraces,
grassed waterways, riparian
areas)

Farm-level soil conservation practices, Soil building amendments
(eg. biochar, stabilizing agents)

Modify land and water resource
management policies and programs
to promote soil conservation and soil
health mgt.

Increased pest pressure, novel pests

IPM practices, Resistant
crop varieties and breeds,
Farmscaping

Participate in insurance
programs

Purchase improved application technologies, Pest
protection structures

Pest resistant crop varieties,
IPM options and early warning
information systems, Decisionsupport tools, Pest suppression
technologies

Insurance programs, Risk analysis, IPM
and weather-based decision-making,
Technical advice

Increased number,
length and/or intensity
of drought events

Resistant varieties/breeds,
adjust crop/livestock development, build soil health

Participate in insurance
programs

Install water management
systems (eg, catchment,
swales), Install rrigation
systems

Drought resistant crop varieties
and breeds, Alternative crops/
livestock, Efficient irrigation,
Farm-level water management
decision-support tools

Insurance programs, Weather-based
decision-making, Farm-level and regional contingency planning and water
use priority planning, Technical advice

Increased number and/
or intensity of flood
events

Avoid high risk locations/
time periods

Participate in insurance
programs

Increase drainage capacity,
Build defense structures,
Restore/create wetlands,
Floodplain mgt. plan

Flood tolerant varieties, Excess
water management technologies

Insurance programs, Weather-based decision-making, Farm-level and regional
contingency planning, Technical advice

Shift in optimum zones
for current production
systems

Change in crop/livestock
systems

Participate in insurance
programs

Adapt existing infrastructure to new crop/livestock
systems

New climate control technologies, Adapt existing equipment to
new crop/livestock systems

Create transition insurance and costshare programs, Develop technical
advice for transitioning to alternative
resilient farming systems

Government climate
change policy

Use GHG emissions reduction practices

Participate in financial incentives programs

Install GHG reduction
measures

GHG Monitoring/reduction and
decision-tools

Agricultural GHG management policies
and programs

Economic (eg. carbon
markets)

Adjust crop/livestock mix
appropriate to new market

Participate in new market

Alter tillage and water
management regimes and
storage and use of livestock
waste, invest in necessary
equipment, re-train staff.

Develop capabilities to manage
GHG emissions.

Develop and provide advice and
guidance on BMP

Consumer behavior
(eg, diet change)

Adjust crop/livestock mix to
meet demand

Participate in new market

Develop flexibility to
respond to changes in
consumer behavior.

Utilisation of web resources
to stay informed and make
informed decisions.

Provision of information and advice on
trends, preferences and market conditions.

Perception of climate
risk

Short-term vs. long-term
adjustments

Participate in insurance
programs

Develop flexibility to enable
rapid responses.

Utilisation of most appropriate
sources of information for decision making.

Seasonal and decadal forecasts with
associated probabilities of error.
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to modify effect versus reduce vulnerability);
by sector (agriculture, tourism, public health);
by specific process or outcome (e.g., to increase
drought resistance versus maintain profit); by
actor (individuals, local community, private sector,
or government); by type of action (physical,
technological, behavioral, regulatory or market); or
by some combination of these and other attributes
(Smit et al. 1999; Smit et al. 2000; Adger et al.
2007). Based on a comprehensive analysis of
Canadian agriculture, Smit and Skinner (2002)
recommend organizing adaptation options by actor
(producers, agro-industry, and government) and the
type of action (farm management, infrastructure,
technology, and government programs).

facilitates identification of the range of potential
adaptive actions available to any particular actor
and adaptive actions that address multiple drivers,
such as managing for high quality soils. Table 7.3
presents general examples of adaptation options for
key adaptation drivers acting on the U.S. agricultural
system organized, according to Smit and Skinner’s
(2002) typology. This table can be viewed as a menu
of potential adaptation responses to specific drivers
by producers, agribusiness, and government actors
operating in the U.S. agricultural system.
Recently, a new typology has emerged to classify
adaptation options consistent with the systems
perspective (e.g., Nelson et al. 2007; Millar et al.
2007; Easterling 2009; van Apeldoorn et al. 2011;
Pelling 2011). This typology classifies adaptation
options along a spectrum of intention and action –
resistance, resilience and transformation – that
describe successively greater change in the adaptive
capacity of the agricultural system.

Organizing agricultural adaptation options by actor
and type of action facilitates adaptation planning
and assessment because it identifies stakeholder
agency and clarifies potential cross-scale interactions
that may influence adaptive capacity. For example,
adaptations to increased variability in growing
conditions (the adaptation driver) can be made
by producers (change crop cultivar), agribusiness
(develop new crop cultivars), and government
(provide climate risk insurance, cost-share
installation of conservation practices that increase
resilience to climatic variability). This typology also

Millar et al. (2007) explain the differences in
management intention along the resistanceresilience-transformation spectrum in the
management of forests under climate change.
Resistance strategies seek to maintain the status quo
over the near term through management actions that

Table 7.3. The components of agricultural adaptation (Bryant et al 2000).

Component

Elements or Examples

Characteristic Stresses

Climatic change and variability
Government policies
Consumer pressure
Economic conditions
Non-climatic Environmental Factors

Multiple Dimensions of the Agricultural System

Cultural
Economic
Institutional
Political
Social
Technological

Scales of System Vulnerabilities and Responses

International
National
Agricultural Sector
Region
Community, Locality
Farm, Field, Plant

Responses

Producer: crop choice, diversification, irrigation, crop insurance
Public and Institutional: information, research and development, infrastructure, taxes and subsidies
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resist climate change disturbance. These strategies
are typically reactive, site-specific interventions
that do not enhance the adaptive capacity of the
ecosystem, but operate to defend the existing
ecosystem from climate change effects through
more intensive management intervention. Resistance
strategies can be costly, will likely increase in cost
and difficulty over time, and may ultimately fail as
climate change effects intensify. Resilience strategies
are typically proactive actions that increase the
adaptive capacity of the ecosystem by improving its
ability to self-organize so as to moderate effects of
climate-related disturbances and return to a healthy
condition after a disturbance, either naturally or with
minimal management intervention. Transformation
strategies increase adaptive capacity by facilitating
transition of the existing ecosystem to a new
ecosystem with a different structure and function
that are better suited to sustained production under
rapidly changing climate conditions.

Tomich et al. 2011). Transformation adaptations are
those that might include the northward migration of
existing production systems and the shift of cultivated row crops into forest, perennial grasslands, or
wetlands. Based on projected climate change effects,
over the next century it is likely that agricultural
systems in some areas of the United States will have
to undergo a transformation to remain productive and
profitable (Easterling, 2009).

Enhancing the Adaptive Capacity of
Agriculture

The resistance-resilience-transformation framework
that is applied to climate risk management in U.S.
national forests (USDA Forest Service 2010; Spies
et al. 2010) defines adaption options in the National
Fish, Wildlife, and Plants Climate Adaptation
Strategy (NFWP Climate Adaptation Strategy 2012)
and is recommended for use in an ecosystem-based
approach to agricultural adaptation (Easterling 2009).
Research and development efforts to better understand and manage agricultural ecosystem resilience
and stability in the face of climate change are explicit
in the strategic goals of climate change adaptation
programs administered by the USDA Global Change
Program, the Agricultural Research Service, and
the Natural Resources Conservation Service (GAO
2009).

The U.S. agricultural system has demonstrated
a remarkable adaptive capacity over the last 150
years as crop and livestock production systems
spread across the diverse American landscape and
successfully responded to variations in climate
and other natural resources, as well as to dynamic
changes in agricultural knowledge, technology,
markets, and, most recently, public demands
for the sustainable production of agricultural
products (Reilly and Blanc 2009; NRC 2010). This
adaptive capacity has been driven in large part by
public sector investment in agricultural research,
development, and extension activities (Antle 2009)
made during a period of climatic stability and
abundant technical, financial, and natural resource
availability.

Resistance strategies in use today by U.S. farmers
coping with current changes in weather variability
may include changes in management practices such
as adjustments in cultivar selection and the timing
of field operations, increased use of pesticides to
control higher pest pressures, and the purchase of
crop insurance. Adjustments in management practices include the use of multiple cultivars within
monocultures (Newton et al. 2011) and diversifying
crop rotations (Lin 2011) to manage pest populations,
integrating livestock with crop production systems
to manage resource cycles (Tomich et al. 2011),
building soil quality to manage water cycles, and
other practices typically associated with sustainable
agriculture. Such actions may increase the capacity
of the agricultural system to self-organize in response
to climate change effects and avoid loss of productivity with minimal reactive management intervention
(Wall and Smit 2005; Easterling 2009; Lin 2011;
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Agricultural Sustainability
Sustainability has been described as the ability
to meet core societal needs in a way that can
be maintained indefinitely without significant
negative effects. Authors of the National
Academies of Science (NAS 2010) study on
sustainable agricultural systems in the 21st
century identified four generally agreed-upon
goals that help define sustainable agriculture:
•

Satisfy human food, feed, and fiber needs,
and contribute to biofuel needs.

•

Enhance environmental quality and the
resource base.

•
•

Sustain the economic viability of agriculture.
Enhance the quality of life for farmers, farm
workers, and society as a whole.
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Government policy and programs will be crucial to
effective adaptation efforts as the agricultural system
responds to projected increases in temperature and
precipitation variability and extremes accompanying
climate change that likely will be outside the range of
individual, community, and institutional experience
(Adger et al. 2007, Antle and Capalbo 2010).
Government efforts to enhance the adaptive capacity
of the agricultural system will be complicated by
the dynamic nature and complexity of interactions
between the climate system, the agricultural system
(Adger et al. 2007), and a scarcity of crucial
agricultural resources such as land, water, energy,
and ecosystem services (NRC 2010). The potential
for effective adaptive action is dynamic, involves
social, economic, and ecological processes, and is
driven by decisionmaking at multiple scales and by
multiple actors (Adger et al. 2007; Marshall et al.
2010).
Howden et al. (2007) and others (e.g., Smit et al.
1999; Moser et al. 2008; Wolfe et al. 2008) discuss
some of the long-term opportunities that an improved
understanding of adaptation presents to society.
Adaptation has the potential to reduce the risks of
climate change by improving planning, preventing
maladaptation, and informing investment and
management of resources such as perennial crops,
major infrastructure projects, and capacity building
programs. This section discusses some key influences
that shape the operating context for adaptive
responses by the U.S. agricultural system: climate
policy, economic perspectives, finding the balance
between mitigation and adaptation, and the limits
to adaptation. Choosing among options for adaptive
action and the influence of individual decision
making on adaptation responses within this context
are presented in the next section.
Climate Policy
Climate policy is a dynamic area of public policymaking under active investigation by the global
change research community. Initial climate policy
development and analysis focused on managing the
mitigation of climate change through production and
use of energy (Klein et al. 2007), but as awareness
of the need to adapt to climate change has grown in
this century, governments world-wide have initiated
adaptation planning, even though many questions
remain about effective adaptation strategies (Adger
et al. 2007). Several crucial differences between
mitigation and adaptation processes influence
the nature of policy development efforts (Klein
et al. 2007). Climate change mitigation involves
international cooperation to manage greenhouse
gas (GHG) emissions on a global scale (typically

national and international) and uses quantifiable
metrics that facilitate the assessment of mitigation
measures. In contrast, adaptive actions tend to be
taken at local to national levels, are difficult to
quantify and are context sensitive, which introduces
considerable complexity into the assessment of
adaptive measures (Klein et al. 2007).
The local nature of adaptation complicates the
implementation of government support for adaptation
efforts because of the potential for complex
cross-scale interactions between top-down policy
decisions made at national or international scales,
and bottom-up adaptive responses, for example,
see sidebar) Belliveau et al. 2006; Klein et al.
2007; Urwin and Jordan 2008). As experience with
government adaptation planning for climate change
grows, the potential for synergies and tradeoffs
created by interactions between adaptation and
mitigation policies (Klein et al. 2007) and nonclimate policies (Belliveau et al. 2006; Urwin and
Jordan 2008) add additional complexities to those
imposed by other social, economic, and ecological
conditions (Adger et al. 2007). Researchers and
policy analysts have given little attention to
addressing the critical challenges to adaptation
governance, such as building support for action,
identifying effective policy strategies, or addressing
institutional barriers to adaptive action (Moser et al.
2008; Smith et al. 2009).
In an analysis of climate change adaptation
policymaking by U.S. municipalities, States, and the
Federal Government, Smith et al. (2009) identified
an “adaptation architecture” fundamental to
facilitating successful governance of adaptive action.
Components of the architecture include governance
processes that provide clear leadership, enable
coordination between agencies and departments,
incorporate mainstream climate considerations into
daily decision making, integrate new funding for
adaptation into baseline support for climate-sensitive
sectors, address institutional and policy barriers
to adaptation efforts, and involve stakeholders in
policy development and implementation. In addition,
government decisionmakers employ decision tools
that are robust under uncertainty and informed
by accurate, timely, and scale-appropriate climate
change information. Finally, government programs
invest in adaptation research to understand conditions
that promote or impede adaptation decisions and in
technology development and diffusion to expand
adaptation options. Smith et al. (2009) suggest that
in order for adaptation planning to be fully effective
at the local level, these components of the adaptation
architecture must be integrated within an adaptive
management framework.
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National Climate Change Adaptation Strategies
Over the last decade, national climate change
adaptation policies and programs have been adopted
or are under development in Australia, Canada, the
European Union, and the United States (Biesbroek et
al. 2010). Agriculture is commonly recognized as a
key climate-sensitive sector in these national plans,
along with related sectors such as water resources,
energy, finance and insurance, and natural resources.
Adaptation measures are typically planned as an
element within broader sectoral initiatives, such as
water-resource or disaster-risk planning (Adger et al.
2007).
National adaptation planning got underway in
the United States in 2009, when the Interagency
Climate Change Adaptation Task Force (Task Force)
was established to provide Federal support and
coordination for adaptation planning at Federal,
State, local, and tribal levels of government (ICC
Adaptation Task Force 2011). Senior representatives
from more than 20 departments and agencies
participate in the work of the Task Force, which
is co-chaired by representatives of the Council
on Environmental Quality, the Office of Science
and Technology Policy, and the National Oceanic
and Atmospheric Administration. All Task Force
work is being conducted in accordance with a set
of goals and guiding principles that foster locally
focused, participatory, ecosystem-based approaches
to planning, integrated assessment and effective
decisionmaking, and international collaboration (see
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sidebar, page 126). Initial work has involved agency
assessment of climate change effects on operations
and services, the preparation of climate adaptation
plans for each participating agency, and development
of cross-cutting adaptation plans for fresh and ocean
waters, and fish, wildlife, and plant resources.
Agricultural Adaptation Policy
Agricultural climate policy is an active area of
research, development, and analysis in the global
change community because of the climate-sensitive
nature of agricultural production, the critical
importance of agricultural production to human
well-being, the dependence of agriculture on natural
resources and ecosystem services, and the unique
relationship between agriculture and climate, relative
to other sectors of the economy. In developed
economies, agricultural policy has focused on climate
change mitigation, with agriculture being viewed as
both a significant source of GHG emissions and a
significant sink for sequestration of carbon (Adger
et al. 2007; Klein et al. 2007). In contrast, according
to Yohe et al. (2002), agricultural climate policy for
developing economies features adaptation because
food security and sustainable rural livelihoods are
primary aims. Much of this work has taken place
within a sustainable development framework, and
there is considerable research and policy literature
addressing the issues of agricultural adaptation to
climate change particularly for small-holder farmers,
the rural poor, and other resource-dependent social
groups in developing countries.

The Local Nature of Adaptation Complicates National Adaptation Efforts
Cross-scale interactions between top-down, non-climate policies and bottom-up adaptive responses by
producers can increase agricultural vulnerability to climate change.
Adaptive actions taken by wine producers in British Columbia, Canada demonstrate the perverse
outcomes that sometimes occur through interactions between “top down” policy and “bottom-up”
place-based adaptations. In response to increased competition from foreign wine imports following
the North American Free Trade Agreement, grape producers responded to increased competition from
high quality foreign wine imports by replacing existing low-quality, but winter-hardy, grape varieties with
more cold-sensitive but higher quality varieties in an adaptation that was facilitated by government aid.
This change enhanced the wine industry’s domestic and international competitiveness, thereby reducing
market risks, but simultaneously increased its susceptibility to winter injury. Producers must irrigate to
prevent frost damage in winter, an adaptation that decreases market competitiveness because it reduces
the quality of the grapes. Winter irrigation also increases production costs, disease risks and producers’
vulnerability to water shortages (Belliveau et al. 2006).
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National agricultural adaptation planning has
only recently begun, so documentation of the
process is sparse and most of the relevant literature
presents policy goals and updates of progress on
initial implementation efforts; however, general
recommendations for agricultural adaptation policy
measures are sometimes offered by researchers or
analysts exploring climate change effects at the
national scale. The comprehensive assessment of
existing or proposed agricultural policies addressing
issues such as climate change mitigation, subsidy
and trade, insurance and disaster assistance, soil
and water conservation, environmental quality,
and the production of biofuels to identify potential
synergies and tradeoffs with proposed adaptation
policies is often recommended (e.g., Antle and
Capbalo 2010; Olesen et al. 2011). Because of
the uncertainties associated with climate change
effects and the complexity of adaptation processes,
adaptive governance strategies are recommended
to implement, evaluate, and revise adaptation
strategies (e.g., Olesen and Bindi 2002; Howden
et al. 2003; Biesbroek et al. 2010). Enhancing the
resilience of agriculture to climate change through

adaptation strategies that promote development of
sustainable agriculture is a common “no-regrets”
recommendation (e.g., Howden et al. 2003; Howden
et al. 2007; Olesen et al. 2011). Broad policy
measures that may enhance the adaptive capacity of
agriculture include strengthening climate-sensitive
assets, promoting adaptive governance approaches
that encourage climate-learning and adaptive
management, integrating adaptation into all relevant
government policies, and addressing non-climate
stressors that degrade adaptive capacity (Marshall et
al. 2010).
Mitigation and Adaptation: Complement or
Tradeoff?
According to Klein et al. (2007), only recently have
policymakers begun to understand that effective
climate policy will involve a balanced portfolio
of mitigation and adaptation actions that rely on
interactions between the two as a means to enhance
adaptation. Recognizing the need for both and the
need to explore tradeoffs and synergies between
the two, policymakers are faced with an array

U.S. National Adaptation Strategy (ICC Adaptation Task Force 2011)
Integrating Adaptation into Federal Government Planning and Activities: Agencies are taking
steps to manage climate impacts to Federal agency missions, programs, and operations to ensure that
resources are invested wisely and Federal services remain effective for the American people. Agencies
are developing climate adaptation plans to identify their vulnerabilities and prioritize activities that
reduce climate risk.
Building Resilience to Climate Change in Communities: Recognizing that most adaptation occurs
at the local level, Federal agencies are working with diverse stakeholders in communities to prepare for
a range of extreme weather and climate impacts (e.g., flooding, drought, and wildfire) that put people,
property, local economies, and ecosystems at risk.
Improving Accessibility and Coordination of Science for Decision Making: To advance understanding
and management of climate risks, the federal government is working to develop strong partnerships,
enhance regional coordination of climate science and services, and provide accessible information and
tools to help decision makers develop strategies to reduce extreme weather impacts and climate risks.
Developing Strategies to Safeguard Natural Resources in a Changing Climate: Recognizing that
American communities depend on natural resources and the valuable ecosystem services they provide,
agencies are working with key partners to create a coordinated set of national strategies to help safeguard
the Nation’s valuable freshwater, ocean, fish, wildlife, and plant resources in a changing climate.
Enhancing Efforts to Lead and Support International Adaptation: To promote economic
development, regional stability, and U.S. security interests around the world, the Federal Government
is supporting a range of bilateral and multilateral climate change adaptation activities and coordinating
defense, development and diplomacy policies to take into account growing climate risks.
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of complex questions that cannot be answered
with any certainty (Klein et al. 2005). Studies of
the agricultural sector show the importance of
identifying potential synergies between adaptation
and mitigation strategies, and the synergies possible
with the use of coherent climate policy frameworks
that link issues such as carbon sequestration,
GHG emissions, land-use change, regional water
management, and the long-term sustainability of
production systems (Easterling et al. 2007; Jones et
al. 2007 Rosenzweig and Tubiello 2007).
Mitigation and adaptation have some similarities and
several crucial differences that interact to complicate
adaptation efforts (Klein et al. 2007). Both mitigation
and adaptation responses involve technological,
institutional, and behavioral options, and are driven
by a similar set of factors that determine the capacity
to act. Both are implemented on a local or regional
scale, and may be motivated by local and regional
interests, as well as global concerns. Differences
between mitigation and adaptation actions arise as a
result of differences in scale and intention of effect.
Mitigation actions engage the global climate system,
involve long lag times between action and response,
produce global benefits through local investment, and
aim to reduce all potential climate effects by slowing
global warming. In contrast, adaptation actions
typically engage the local agricultural system, yield
immediate benefits by reducing climate vulnerability,
produce local benefits through local investments, and
can selectively manage agricultural system response
to climate to reduce or avoid negative effects and
take advantage of positive effects. Mitigation and
adaptation can be complementary, because each
addresses a different aspect of climate risk (Jones et
al. 2007); however, interactions between mitigation
and adaptation responses, both within and across
scales, complicate the management of both (Klein et
al. 2007). For example, intensive livestock producers
may respond to increased average temperatures
by making adaptations that enhance the cooling
and ventilation of animal housing, or they may
respond by reducing stocking densities. The former
adaptation would likely increase energy use and
interfere with mitigation efforts, while the latter
would contribute to mitigation efforts through the
reduction of GHG emissions (Rosenzweig and
Tubiello 2007).
As a result of these differences, mitigation action
is often driven by international initiatives managed
by national governments, while adaptive action is
usually initiated by the individuals, communities
and regions experiencing the damaging effects of
climate variability and change (Klein et al. 2007).
In addition, the research exploring mitigation and

adaptation involve different communities of scholars
with very different analytical approaches; mitigation
research and policy focuses on technological and
economic issues, utilizes quantitative metrics and
relies on top-down aggregate modeling for studying
mitigation tradeoffs, while adaptation research
focuses on qualitative, place-based, systems analysis
(Klein et al. 2005; Wilbanks et al. 2007). These
differences create barriers to the integrated analysis
of mitigation and adaptation synergies and tradeoffs
even though adaptation is now recognized as a
necessary complement to mitigation efforts (Klein et
al. 2007).
Integrated Assessment of Mitigation and
Adaptation Responses
The relationships between mitigation and adaptation
are being explored through conceptual and policy
analysis using approaches ranging from complex
quantitative simulation modeling to participatory
case studies designed to elucidate interactions and
their implications for specific locales or sectors
within the context of broader development objectives
(Klein et al. 2007). Integrated assessment models
(IAMs) offer a quantitative approach to the integrated
analysis of the societal costs and benefits of climate
change and climate policy; however, in current
IAMs, climate policy is dominated by mitigation
(Klein et al. 2007) and the models have other
limitations that call into question their usefulness as
an analytical tool in adaptation planning and policy
analysis (see Chapter 6). For example, IAMs are
likely to underestimate the negative effects of climate
change on crop production because the models use
average weather data and do not simulate pests and
disease effects (Antle and Capalbo 2010).
As discussed in greater detail below, recent efforts
to develop methods to support the comprehensive
assessment of mitigation and adaptation options
recommend seeking out win-win and no-regrets
solutions within a robust decision framework, rather
than using optimization approaches, because of
the uncertainties involved in the analysis (Klein
et al. 2005; Jones et al. 2007; Wilbanks et al.
2007). Sustainable development has emerged as a
potentially powerful integrator of mitigation and
adaptation options that support the development of
resilient communities and sectors in the developed
and the developing world (Yohe et al. 2002).
Sustainable development, mitigation and adaptation
share many determinants (Yohe et al. 2007; Goklany
2007), and the interactions between the global
climate system and socioeconomic development
patterns are increasingly recognized (Klein et al.
2005).
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Adaptation Costs and Benefits
The complexity of adaptation processes and the
uncertainty in projections of climate change effects
challenge efforts to estimate the costs of adaptation
and the benefits gained from taking adaptive action.
The literature addressing the costs and benefits
of adaptation to climate change is sparse and
fragmented in scope (Adger et al. 2007). Because
of uncertainties about the potential damages that
would be avoided by adaptation and the scarcity of
information on adaptation processes and associated
costs, the methodologies used to estimate adaptation
costs are widely acknowledged to be speculative at
best (Adger et al. 2007) and likely underestimate
the costs of adaptation (Parry et al. 2009). This
is because of the bias toward hard adaptations
(e.g., publically financed structural measures like
expansion of water supply) over soft adaptations
(e.g., change in behavior to more efficient use of
existing water supplies) that exist in national and
international assessments.
The economic response of the agricultural sector
to climate change effects has received relatively
extensive attention by researchers considering the
benefits of farm-level adaptations and adjustments
made through markets and international trade (Adger
et al. 2007). This work suggests that, at larger scales,
the benefits of adaptation will be sufficient to offset
the costs of climate change effects in temperate
regions, but there are likely to be large variations
across and within regions, including the United
States (Adger et al. 2007; Chapter 6).
The recognition of the inherent uncertainties
associated with adaptation cost-benefit analysis
coupled with the desire to move ahead with
adaptation planning despite these uncertainties
have driven research to develop robust adaptationdecision strategies (e.g., Wilbanks et al. 2007; Parry
et al. 2009; World Bank 2010; Moser and Ekstrom
2010; Jones and Preston 2011). Such strategies
support robust adaptation planning through use
of adaptive management practices, case studies,
hedging mechanisms, methods that prioritize and
sequence adaptation investments, and methods that
support a consideration of the social, institutional,
and cultural factors that influence adaptation efforts
(e.g., Council of Australia Governments 2007; Parry
et al. 2009; World Bank 2010; Brown et al. 2011).
Australia (Hills and Bennett 2010) and Canada (BC
Agriculture 2012) currently use robust adaptation
planning frameworks in regional agricultural
adaptation planning.

Of particular utility in agricultural adaptation
planning may be selection of no-regrets adaptations,
which are cost effective under current climate
conditions and also likely to address risks
associated with projected climate change effects
(UK Climate Impacts Programme 2011). Although
poorly documented, there may be opportunities
for no-regrets adaptation options in agriculture
(Howden et al. 2007; Jackson et al. 2010; Tomich
et al. 2011), e.g., through use of water quality and
soil conservation best management practices, and
sustainable agriculture practices that enhance the
resilience of the agricultural system.

Limits to Adaptation
High adaptive capacity does not guarantee successful
adaptation to climate change. Adaptation assessment
and planning efforts routinely encounter conditions
that serve to limit adaptive action regardless of the
adaptive capacity of the system under study (Adger
et al. 2007; Moser and Ekstrom 2010). Limits to
adaptation are “conditions or factors that render
adaptation ineffective as a response to climate
change and are largely insurmountable” (Adger et
al. 2007, pg. 733), while barriers to adaptation are
“obstacles that can be overcome with concerted
effort” (Moser and Ekstrom 2010, pg. 2). These
terms are sometimes used interchangeably because
the perception of an obstacle as a barrier or a limit
to adaptation depends on social perspectives such as
cultural norms or level of technological development
(Adger et al. 2009).
The limits and barriers to adaptation – some
ecological, and others arising from economic or
social considerations that complicate adaptation
efforts – add uncertainty to the adaptation process
and raise ethical questions about adaptation as a
response to climate change. As a result of these
limits, the capacity for adaptation and the processes
by which it occurs vary greatly within and across
economic sectors, communities, regions, and
countries. Successful adaptation planning processes
will include an assessment of the limits to adaptation
in the design and implementation of policy and
programs.
Ecological Limits to Adaptation
Increasing evidence exists that the resilience of
agricultural systems to global change is dependent
on a wide range of ecosystem processes that provide
services to agriculture, such as the regulation
of water quality and quantity, waste processing,
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climate protection, and the suppression of pest
populations (Peterson 2009; Jackson et al. 2010;
Tomich et al. 2011). The ability of ecosystems to
provide these services to agriculture is increasingly
compromised by multiple stressors such as pollution,
agricultural intensification, overgrazing, ecological
simplification, and the effects of climate variability
and change (Folke et al. 2004; Falkenmark et al.
2007; Peterson 2009; Jackson et al. 2010). In some
cases, the combined effects of these stressors have
pushed ecosystems past critical ecological thresholds
(tipping points), resulting in a sudden shift from
a productive to an unproductive state (Folke et al.
2005; Adger et al. 2007; Peterson 2009). Ecosystem
shifts represent a significant challenge to resource
management that is often outside human experience
(Folke et al. 2004). Climate change effects that
surpass critical ecosystem thresholds or result in
dramatic transformations of the physical environment
of a system may present limits to adaptation.
Social Barriers to Adaptation
Agricultural producers routinely plan for and manage
seasonal weather and weather-related events, but
projected increases in weather variability, and frequency and intensity of weather events associated
with climate change present novel risk-management
challenges. The increased complexity and projected
changes in the variability and intensity of temperature and precipitation are likely to challenge both
the structure and function of individual enterprises
and possibly the U.S. agricultural system as a whole;
however, adaptation efforts may be hampered if producers do not recognize the value of taking adaptive
action to prevent loss.
Social and cultural limits to adaptation are determined by individual and group experience, shared
values, beliefs, and world views (Adger et al. 2007).
Social adaptation barriers represent a significant
challenge to climate change adaptation in U.S.
agriculture. The perception of the need for adaptation is influenced by access to finance (Knutson et
al. 2011), political norms and values (Roser-Renouf
and Nisbet 2008; Malka et al. 2009; Borick et al.
2011; McCright and Dunlap 2011), and culture and
religious ideologies (Wardekker et al. 2009; Kahan
2012). For example, a recent survey of 1,276 Iowa
farmers revealed that 32% believed there was insufficient evidence of climate change or that climate
change is not occurring (Arbuckle 2011). A substantial portion of the U.S. public does not perceive that
solid evidence exists to support global warming or
are unsure of the evidence (either immediately or in
the long term), with the level varying over time and

with the availability of new or different information
(Leiserowitz 2006; Borick et al. 2011; Leiserowitz et
al. 2011).
Research on producer adoption rates of conservation
best-management practices (BMPs) (Hua et al. 2004;
Valentin et al. 2004; McCown 2005; Smith et al.
2007; Prokopy et al. 2008) offers valuable insights
on the willingness and capacities of producers
to put in place adaptive management in response
to changing climate conditions. For example,
McCown (2005) reports that learning and adoption
of conservation practices is not simply a function of
knowledge transfer from scientists to farmers. Many
interventions assume that objective knowledge is
sufficient to convince farmers to adopt new practices.
This assumption overlooks how farmers (and humans
in general) make decisions, which integrate objective
“fact” science, and subjective personal knowledge
and experiences, though seldom with equal weight
(Slovic 2010). Producers making risk management
decisions use a combination of analytical knowledge
(facts they know) and experiential-affect heuristics
(the positive or negative feelings, consciously or
subconsciously, associated with the view of the task)
in assessing the need for adaptation (Slovic 2010).
Prokopy (2008) reported that no factors consistently
determine BMP adoption, based on a meta-analysis
of 55 studies conducted over 25 years. However
in some studies, several variables have been
found to be significant and positively associated
with BMP adoption rates, including presence of
younger farmers, higher education levels, more
income and capital, diverse operations, larger area
under management, more access to labor, access
to information, positive environmental attitudes,
environmental awareness, and utilization of social
networks. Decisions to adapt to climate change are
likely to have similar complexity and uncertainties. A
National Research Council report (NRC 2009) found
that human dimensions research lags behind research
investigating the natural climate system, stating that
“the preparation of [climate change] knowledge
for use in decisionmaking, as well as the effective
communication of scientific insights to stakeholders,
lags significantly behind or is entirely inadequate.”
Decisionmakers managing adaptation in an
agricultural system must make choices within an
adaptive operating space shaped by government
policy, economics, and the limits to adaptation.
Within this context, decisionmakers must consider
the alternative adaptive actions available, selecting
the best option and implementing it. The next section
presents options for assessing the vulnerability
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and adaptive capacity of an agricultural system,
reviews research efforts to develop the educational
programs and decision tools that producers need
to effectively manage climate risk, and describes
specific adaptation options recommended for U.S.
agriculture.

conducted during the last two decades of the 20th
century. This early work identified the components
of agricultural adaptation and elucidated the
multidimensional, multi-scale, and context-specific
complexity of the agricultural adaptation decision
environment (see Table 7.2), highlighted the critical
role of human agency in agricultural adaptation, and
established the need for participatory research to
understand agricultural adaptation to climate change.

Assessing Options, Taking Action
Taking adaptive action requires stakeholders
throughout the U.S. agricultural system to make
decisions about the system under their management
despite the multidimensional uncertainties created by
climate change. The place-based nature of adaptation
adds additional complexities to adaptive responses
and drives the development of flexible management
strategies to identify and assess context-specific
adaptive options rather than prescriptive solutions.
Adaptation will be more effective if decisionmakers
have the knowledge, information, and tools they need
to manage climate risk effectively.
Research and development efforts to support
adaptation planning in agriculture are underway.
These efforts aim to provide agricultural
decisionmakers with effective methods to assess the
vulnerability and adaptive capacity of the systems
under their management, to guide the selection and
implementation of adaptation options, and to manage
dynamic systems in a complex decision environment.
To date, much of this work addresses the regional,
local, or enterprise scale, and focuses on policy and
technical support for decisionmaking by producers at
the field and farm scale.
Vulnerability Assessment
Vulnerability assessment aims to estimate the
exposure, sensitivity, and adaptive capacity of the
agricultural system of interest in order to quantify
vulnerability to climate change effects for a specific
geographic location. Vulnerability assessment is
typically integrated across multiple scales; national
or regional climate projections are integrated with
individual, community, or regional estimates of
adaptive capacity. Understanding the vulnerability of
an agricultural system may aid adaptation decisions
through the identification of system elements at the
greatest risk of exposure and those most sensitive to
projected climatic effects, and by clarifying the most
effective response options to enhance the adaptive
capacity of the system.
Bryant et al. (2000) report on a synthesis of
research investigating the vulnerability of Canadian
agriculture to climate variability and change

Some key producer perceptions of adaptation to
climate change emerged from Bryant et al.’s (2000)
work. Many producers were skeptical about the
reality of projected rates of climate change, but
they did respond to climatic risks specific to local
landscape associated with seasonal variability and
the potential for extreme events during critical crop
development stages. Most producers expressed a
high level of confidence in their ability to manage
climatic variability with available technologies and
so were not concerned about projected changes in
climate, although the level of confidence varied
depending on region and type of enterprise. Bryant
et al. (2000) challenge producer perceptions that
the Canadian agricultural sector is well adapted
to uncertainties in climate, pointing to frequent
widespread losses and economic hardships associated
with unexpected weather events and the ongoing
need for public relief (with disaster payments, crop
insurance, and the like). They suggest that weather
variability has declined in importance relative
to other factors in farm decisionmaking as result
of improvements in agricultural technology in
combination with programs that reduce production
vulnerability and conclude that institutional and
policy programs that reduce producer vulnerability
to weather variability may actually serve as a barrier
to effective adaptive action over the long term (i.e.,
resistance adaptation that inhibits resilience and
transformation adaptation).
This early participatory research with Canadian
producers generated a wealth of knowledge about the
multidimensional complexity and dynamic nature of
agricultural vulnerability at the enterprise level, which
has since been confirmed by more recent research
in Canada, Australia, New Zealand, Europe, and the
United States (e.g., Reid et al. 2007; Belliveau et al.
2006; Wolfe et al. 2008; Marshall 2010; Nelson et
al. 2010a; Nelson et al. 2010b; Reidsma et al. 2010;
Kenny 2011; Olesen et al. 2011).
Agricultural vulnerability to climate change
in California’s Central Valley (Jackson et al.
2012), Washington State (Miles et al. 2010), and
the Northeastern U.S. (Wolfe et al. 2008) has
been evaluated with interdisciplinary case study
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approaches using various combinations of emissions
scenarios to estimate exposure, landscape planning,
simulation modeling, qualitative analysis of adaptive
capacity, and adaptation scenarios. The results of
these studies suggest that agriculture is vulnerable
to climate change and that sensitivities to climatic
exposures vary substantially by region and enterprise
type; however, potential adaptive capacity is high
and near-term productivity can be maintained
through a combination of adjustments in agricultural
practices and government support.

a timely manner. Wolfe et al. (2008) concluded
that farmers most vulnerable to climate change
effects are those without the financial resources to
adapt, those unwilling or unable to exit from their
current production system, and those who make
poor decisions regarding the type and/or timing of
adaptations. Subsequent research conducted in other
regions (e.g., Chhetri et al. 2010; Knutson et al.
2011) report farmer vulnerabilities similar to those
found by Wolfe et al. (2008).

The vulnerability of agriculture in California’s
Central Valley was assessed in a detailed case study
utilizing scenario analysis to explore planning issues
at the farm and landscape levels over the next 50
years (Jackson et al. 2009; Jackson et al. 2011).
Researchers concluded that increased temperatures
and a more uncertain water supply leave the Central
Valley highly vulnerable to climate change. A
comprehensive analysis of three distinct agricultural
adaptation scenarios suggests measures that integrate
changes in crop mix, irrigation methods, fertilization
practices, tillage practices, and land management
may be the most effective approach to managing
climate risk.
In an assessment of regional climate change effects
and adaptation strategies for Washington State
(Miles et al. 2010), eight climate-sensitive sectors
of the State economy, including agriculture, were
evaluated. Climate change effects on the agriculture
sector were explored by model simulations of apple,
potato, and wheat production under different climate
change scenarios. Results suggest that Washington
agriculture is vulnerable to climate change effects,
but productivity can be maintained over the short
term (i.e., 10-20 years) by adjusting production
practices and adopting new technologies, by
improvements in agricultural water management, and
by State-wide monitoring to gather and interpret data
on climate change effects (Miles et al. 2010; Stöckle
et al. 2010).
Research exploring the vulnerability of agriculture
in the Northeastern U.S. through the end of this
century suggests that producers, government
agencies, and others in the region will benefit from
strategic adaptive actions that anticipate projected
climate change effects (Wolfe et al. 2008). This
research found that some producers will likely
benefit from climate change effects, such as those
currently producing or willing to shift to better
adapted crops, those with multi-regional production
options, those who guess correctly about climate
and market trends, and those who have the financial
resources to implement adaptation strategies in

Using participatory research methods to explore
the vulnerability of the grape industry in Canada’s
Okanagan Valley, Belliveau et al. (2006) identified
multiple climatic and non-climatic factors that
influence the region’s vulnerability to climate change
(Figure 7.2). They concluded that reducing the
region’s vulnerability to climate change will likely
require action beyond the control of individual
producers, and present a diverse mix of technological
developments, educational programs, and economic
incentives designed to enhance the capacity of
Okanagan Valley producers to manage a greater
range of climatic conditions in the present and reduce
future vulnerabilities to projected climate changes.
An Australian study provides an example of an
innovation in hazards/impact modeling that allows
the explicit consideration of adaptive capacity in
the assessment of rural community vulnerability to
climate change (Nelson et al. 2010 a, b). This new
method was developed to address the limitations
presented by standard hazard/impact modeling to
adaptation planning. For example, because such
modeling is dominated by a focus on technical
strategies to reduce exposure and sensitivity to
climate change, the diverse potential for regional and
local adaptive capacity is often overlooked. Nelson
et al. (2010 a) propose a new method that broadens
the quantitative estimates of rural community
exposure and sensitivity developed using standard
hazard/impact modeling through the addition of
an integrated index of adaptive capacity based on
a rural-livelihoods framework. This framework
views decisionmaking as a dynamic response in a
decision environment shaped by changing access to
five broadly defined types of capital (human, social,
natural, physical, and financial). In an application
of this new method, Nelson et al. (2010b) report
that Australian rural communities are vulnerable to
climate variability and change and discuss a complex
set of interacting environmental, economic, and
social factors that contribute to this vulnerability. In
addition, this new assessment approach informed
the selection of specific adaptive responses likely
to reduce the vulnerability of rural communities
through local and regional actions that enhance
adaptive capacity.

131

Chapter 7

Climate Change and Agriculture in the United States: Effects and Adaptation

Fig. 7.2. A schematic framework of the multiscale factors influencing production-level vulnerability to climate change of grape
growers and winery operators in the Okanagan Valley of Canada. This framework provides specific examples of the socio-economic
forces interacting with local climate, landscape and enterprise level factors to drive adaptation responses in the agricultural SES
(Belliveau et al 2006).

Vulnerability assessment is emerging as a potentially
powerful tool for decisionmakers seeking to
understand and manage agricultural adaptation
processes. Integrated research approaches, like those
described above, can provide valuable qualitative
and quantitative information about system exposures
and sensitivities to climate change effects and the
capacity for adaptive response.
Assessing Adaptive Capacity
Agricultural vulnerability to climate change effects
can be reduced by enhancing the adaptive capacity of
the agricultural system. A better understanding of the
key determinants of adaptive capacity in agricultural
systems would aid efforts to sustain agricultural
production and productivity in the face of projected
increases in the frequency and intensity of climatic
events (NRC 2010).

Research and development is underway to
understand the determinants of agricultural adaptive
capacity in all its dimensions and to develop
assessment methods useful to decisionmakers
operating within an agricultural system. Key
to the utility of adaptive capacity concepts in
decisionmaking is to be able to identify critical
determinants and their links to potential adaptive
responses in the system of interest (Moser 2008).
Consistent with the results of research to assess the
vulnerability of agriculture, this emerging body
of work suggests that the adaptive capacity of
agricultural systems is dynamic and determined by
a complex mix of economic, ecological, and social
factors that interact with climatic effects across
multiple dimensions of space and time.
In an assessment of the adaptive capacity of the
northeastern United States economy, Moser et al.
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(2008) present the dairy industry as an example of
the contribution that access to financial resources
plays in the adaptive capacity of a system. Their
assessment found that projected climatic changes
impose additional uncertainty on an already fragile
dairy industry because of projected changes in
productivity and production costs. They suggest
that farmers with the financial resources to respond
to these uncertainties are in the best position to
benefit from climate change effects, while others on
the margin of economic viability may not be able
to afford to continue in agriculture. Based on this
assessment, they predict a northward shift of dairy
production in the Northeast, and a gain in market
share by larger corporate dairy operations.
The adaptive capacity of Canada’s Prairie
agricultural system was explored in a project using
mixed methods to identify and map a quantitative
index of adaptive capacity useful to regional
adaptation planning (Swanson et al. 2009). An
integrated index of 20 quantitative indicators
representing Smit et al.’s (2001) six determinants
of adaptive capacity was developed, with existing
data from Statistics Canada sources to represent
a top-down, conceptually-based approach to the
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assessment of adaptive capacity in the region (Figure
7.3). Field interviews with producers and producer
organizations in the region were also conducted to
develop a set of indicators representing a bottom-up,
producer-driven assessment of adaptive capacity.
A comparison of the two approaches confirmed the
context-specific nature of adaptive capacity and
the need for site-specific, participatory research
when exploring adaptation processes; producers in
the study identified only nine of the 24 indicators
included in the index as meaningful determinants of
adaptive capacity.
The assessment of the adaptive capacity of rural
communities in Australia provides an example of
an emerging quantitative approach to the integrated
geographic analysis of adaptive capacity (Nelson et
al. 2010 a, b). This method estimates the adaptive
capacity of the rural agricultural system using farm
survey data to create an integrated quantitative
index based on a rural livelihoods framework. This
framework views decisionmaking as a dynamic
response within a decision environment shaped
by changing access to the five types of capital
(human, social, natural, physical, and financial).
This integrated analysis of adaptive capacity

Fig. 7.3. Determinants of the Adaptive Capacity of Agriculture to Climate Change in the Canadian Prairie Region:
The adaptive capacity of the Prairie region agricultural SES was estimated using an integrated framework of indicators
selected to represent the 6 determinants of adaptive capacity (Swanson et al. 2009).
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enhanced adaptation planning by identifying specific
community-based factors that limit adaptive capacity
in rural areas. The identification of specific local
factors facilitated the collaborative exploration by
community groups, industry and local governments
of the tradeoffs between building adaptive capacity
and attaining other goals associated with specific
adaptive actions and was useful to regional natural
resource management plann ing.
In a comprehensive analysis of the adaptive capacity
of Australian agriculture, Howden et al. (2003)
identified three key strategies that governments
might use to reduce risk and capture opportunities
presented by climate change. These include use of
participatory methods to develop improved cost/
benefit analyses of adaptation options; develop
socioeconomic and cultural/institutional structures
to support more resilient agricultural systems; and
use adaptive management strategies to cope with the
inherent uncertainties in adaptation efforts.
Adaptive capacity assessment holds much promise as
a useful approach to managing adaptation to climate
change in agricultural systems. To take effective
adaptive action, decisionmakers need specific
information about how adjustments in resources
are likely to influence the adaptive capacity of the
system under management, both now and in the
future. The next section turns to adaptive actions that
have been taken or are likely to be effective at the
enterprise-level in the U.S. agricultural system.
Incremental Adaptation: Extending Existing
Production Practices
Agriculture has a long history of successful
adaptation to varying environmental conditions
through adjustments in crop and livestock
management practices that prevent losses of
productivity. While producer adaptations to climate
variability and change are not well documented
in the United States, during the last 25 years
agricultural producers in Canada, Europe, Australia,
and New Zealand report success using existing
management practices to cope with increases in
seasonal variability of temperature and precipitation,
and extreme weather events (Bryant et al. 2000;
Harrington and Lu 2002; Reid et al. 2007; Marshall
2010; Kenny 2011; Olesen et al. 2011, Rogovska
and Cruse 2011). These researchers suggest that this
past success in managing climatic variability has
contributed to the confidence expressed by these
producers in their ability to manage future climatic
variability with available agricultural technologies,
policies and programs. Table 7.2 presents examples
of potential actions that could be taken by producers,

agribusiness, and government to address specific
climate change adaptation drivers. Many of these
options are extensions of existing practices that
serve to increase enterprise resistance or resilience to
climate change effects.
Research and development efforts to address climate
change effects on U.S. agriculture have largely
focused on investigating single-factor climate change
effects (e.g., increased CO2, ozone, temperature, or
water availability) at cell (metabolic) and wholeplant and animal scales (e.g., Hatfield et al. 2011;
Izaurralde et al. 2011). Although adaptation is not
directly investigated in these studies, the results
are often extended to include recommendations for
agricultural adaptation options at the enterprise scale.
Crop scientists routinely recommend a combination
of changes in management practices (e.g., timing
of field operations, cultivar selection, or irrigation
management), and development of CO2 responsive
and stress tolerant germplasm as resistance and
resilience adaptation strategies for crop production;
however, crop-specific constraints are often
recognized (see Chapter 5).
More transformative adaptive options involve
altering species of crops grown at a given location,
and the northward migration of crops (see Chapter
5). New strategies are under development to manage
the rapid evolution of “climate ready” cropping
systems including: a shift from fixed technological
packages to the participatory design of cropping
systems for specific locales; the integration of
environmental and social goals into cropping
system design criteria; a shift from field scale to
multi-scale design; and the addition of resilience
design-objectives to accommodate increased climatic
variability and change (Wery and Langeveld, 2010).
These strategies typically involve the use of cropping
systems modeling as a design and assessment tool,
coupled with multi-criteria, indicator-based analysis
at the field, farm and landscape scales, risk analysis
to account for variable climate conditions and the
use of participatory approaches that utilize local
knowledge of agriculture and natural resources
and facilitate the community-based exploration of
the trade-offs between the multiple functions of
agriculture.
Adaptation options for managing novel crop pest
and disease management challenges may involve
increased use of pesticides, new strategies for
preventing rapid evolution of pest resistance to
chemical control agents, development of new
pesticide products, and improved pest and disease
forecasting. Adaptation options that may increase
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resilience of agricultural systems to changes in
pest pressures include crop diversification and
management of biodiversity at both field and
landscape scale to suppress pest outbreaks and
pathogen transmission (see Chapter 4).
Recommended adaptive responses by livestock
producers managing for resistance or resilience to
climate change focus on obtaining the appropriate
education and training required to understand and
manage animal needs, potential stress levels, and
options for reducing stress, as well as developing an
adaptive management plan, and selecting animals
and management strategies compatible with the
production enterprise. Transformative adaptations
may include a transition to livestock species or
breeds that have greater tolerance of relatively high
temperatures and that are more capable of utilizing
existing vegetation and more resistant to novel
pests and diseases (see Chapter 4). Wolfe et al.
(2008) recommend a variety of low-, medium-, and
high-cost adaptation measures for dairy production
systems in the Northeast, including practices that
reduce heat stress, changes to feed composition and
feeding schedules, and planning for adequate water
supplies. In a recent review of climate change effects
on forage and rangeland production, Izaurralde et
al. (2011) recommend a conversion to integrated
crop/livestock farming systems as a transformative
strategy to reduce detrimental environmental
impacts, improve profitability and sustainability, and
enhance ecological resilience to climate change in
U.S. livestock production systems.
Sustainable natural-resource management strategies
inform effective adaptation options for U.S.
agriculture. The ability of healthy soils to regulate
water resource dynamics at farm and watershed
scales is widely recognized and particularly
critical for the maintenance of crop and livestock
productivity under conditions of variable and
extreme weather events. Soil conservation practices
like cover cropping, diversifying annual cropping
systems, inclusion of perennial crops in rotations,
changing from annual to perennial crops, organic soil
amendments, grazing management, conversion of
cropland to pasture, agroforestry and natural areas,
and wetland restoration may enhance the resilience
of the U.S. agricultural system to climate change
effects (see Chapter 5).
In recent years, a number of reports suggest that
U.S. agricultural systems may be able to enhance
resilience and reduce climate risk by adopting
sustainable agriculture practices (Hendrickson et al.
2008; Jackson et al. 2010; NRC 2010; Izaurralde
et al. 2011; Lin 2011; Merrill et al. 2011; Tomich
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et al. 2011). A transition to knowledge-intensive,
low-input, resilient production systems has been
identified as an effective means of managing climate
risk in New Zealand agriculture (Kenny 2011).
International development programs routinely
recommend development of sustainable agriculture
systems as a proactive, cost-effective climate risk
management approach in less developed economies
(IAASTD 2009; FAO 2010; World Bank 2011). For
example, the United Nations Food and Agriculture
Organization (FAO 2010) recommends a number of
sustainable agricultural practices that reduce climate
risk and may have application to U.S. agricultural
systems. These include intercropping within a crop
rotation or in agro-forestry systems; improved water
harvesting and retention (e.g., in ponds, behind dams,
through construction of retaining ridges, etc.) and
water‐use efficiency (e.g., in irrigation systems);
and ecosystem-based management of biodiversity
to provide pest and disease management, regulate
microclimate and nutrient cycles, decompose wastes,
and crop pollination.
In an exhaustive review of more than 300 recent
publications addressing climate change issues in
European agriculture, Iglesias et al. (2011) linked
specific agricultural adaptation actions to key
risks and opportunities associated with projected
climate change effects in five agroclimatic zones
across Europe. Adaptation options at the enterprise
scale are consistent with those recommended for
U.S. production systems, such as changes in crop
management (e.g., cultivar selection, timing of field
operations, management of landscape biodiversity,
and increased use of pesticides), improved water
management (e.g., floodplain and wetlands
restoration, efficient irrigation, and water harvesting),
and changes in livestock management (e.g., shelter
and heat protection, breed selection, grazing regime,
and timing of breeding).
Adaptation strategies that extend existing practices
at the farm level can be very effective over the near
term; however, if the intent is to resist climate change
effects in order to maintain an existing farming
system adapted to previous and more stable climate
conditions, then this strategy is likely to become
increasingly costly and may ultimately fail as climate
change effects intensify. This pattern of investing in
resistance strategies at the expense of resilience or
transformation strategies may become maladaptive
over the longer term and could lead the agricultural
system into an adaptation trap (Allison and Hobbs
2004; van Apeldoorn et al. 2011). There is a critical
need for adaptation assessment tools that inform
the selection of enterprise-level options along the
resistance-resilience-transformation spectrum.
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Managing Climate Risk: New Strategies for
Novel Uncertainty

by doing (Howden et al. 2007; Easterling et al.
2007; Carpenter et al. 2009). Adaptive management
is particularly useful in decision environments
characterized by high uncertainty and complexity.
Performance-based management decision tools
and methods for evaluating adaptive responses
are needed so as to avoid lost opportunities for
learning (Howden et al. 2007; Morton 2008; Winsten
2009). By tracking the successes and failures of
different adaptation actions, individuals, businesses,
and institutions can identify effective, efficient,
and equitable policies and measures. Adaptive
management promotes the development of more
robust adaptation strategies over time (Howden et al.
2007; Preston et al. 2011).

Decisionmakers in the U.S. agricultural system
face novel uncertainties if climatic variability and
change intensify as projected over the next 30 years.
Adaptation efforts will be enhanced by availability
of effective climate risk management tools, the
use of adaptive management strategies, and the
mainstreaming of climate knowledge throughout the
multiple dimensions of agriculture decisionmaking.
Efforts to develop and extend new climate risk
management tools to enhance the adaptive capacity
of U.S. agriculture must take into account the
complex decision environments encountered by
producers managing climate risk (Reid et al. 2007;
Brown et al. 2010). Community-based research and
education led by innovative producers to develop
strategic planning skills, increase climate awareness,
improve financial security, and adopt climate tools
such as seasonal climate forecasts may be effective
methods to promote farm, landscape, and regional
adaptive capacity (Marshall 2010; Kenny 2011).
Collaborative training and transformative learning
promote flexible decisionmaking and autonomous
thinking that is most advantageous for managing
changing environmental conditions (Tarnoczi 2011).

Mainstreaming climate knowledge to improve
climate risk management has been proposed as a core
adaptation strategy in agriculture, as well as in many
other economic sectors (Howden et al. 2007; Adger
et al. 2007; Field et al. 2007). Mainstreaming climate
knowledge improves decisionmaking by ensuring
that land managers, technical advisors, researchers,

New decision tools utilizing adaptive management
practices are being developed to address the novel
uncertainly and complexity that climate risk presents
to agricultural management decisions. Natural
resource managers in Australia can take advantage
of self-assessment processes to select and monitor
the effect of sustainable practices on the adaptive
capacity of systems under their management (Brown
et al. 2010). A simple on-farm tool is available to
producers making drought-adaptation decisions in
rain-fed, field-based livestock production systems
in Australia (Reid 2009). New planning tools to aid
Canadian farmers managing climate change and
climate variability have been developed (Bryant
et al. 2008). Notable examples of technical efforts
underway in the United States to encourage use
of seasonal climate information in enterprise
management decisions include Agroclimate, a project
of the Southeast Climate Consortium (Agroclimate
2011), and Adapt-N, a web-based decision support
tool that provides field-specific, locally adjusted
N fertilizer recommendations for corn production
based on the effects of local early-season weather
(Moebius-Clune et al. 2011).

Agriculture and Food Research
Initiative
Agriculture and natural resources science for
climate variability and change adaptation
strategies for U.S. agriculture are among the
topics being supported by USDA funding. Several
projects just underway in 2011 are actively
researching adaptation strategies for cereal and
legume crops, livestock, and forestry production
systems. This work encompasses a number
of specific disciplines, notably crop breeding,
climate forecasting, atmospheric dynamics, soil
science, hydrology, entomology, agricultural
engineering, sociology, economics, forestry, weed
sciences, and landscape ecology with significant
efforts to conduct field trials and build extensive
data bases that enable life-cycle analyses and
other systems analysis methodologies. Several
research projects are explicitly connected to
the development of national agricultural policy,
adaptive management tools for farmers, and
education to develop the next generation of
scientists to address the dynamic and complex

A key strategy to enhance the adaptive capacity
of the U.S. agricultural system may be the use of
adaptive management practices to support learning

problems of climate and agriculture.
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private businesspeople, and government program
managers and policymakers are aware of current
and projected climate effects, and can access best
management practices to reduce risks and capture
opportunities. Taking such a comprehensive, climate
risk management approach to agricultural adaptation
offers great potential to promote effective adaptive
action by decisionmakers throughout the multiple
dimensions of U.S. agriculture.

information, and technology may fundamentally alter
future conditions, and decisionmaking options, in
ways that are not easy to predict.

Conclusions
The increasing pace of climatic change, the complex
interactions between the global climate system,
ecosystems and social systems, and the complexity
of climate change adaptation processes presents
a novel challenge to the sustainability of U.S.
agricultural system. Current climate change effects
are challenging agricultural management and are
likely to require major adjustments in production
practices over the next 30 years and projected climate
changes over the next century have the potential to
transform U.S. agriculture. Taking adaptive action to
avoid the damages and capitalize on the opportunities
presented by climate change requires stakeholders
throughout the U.S. agricultural system to make
decisions about the system under their management
despite the multidimensional uncertainties associated
with a changing climate. The place-based nature of
adaptation adds additional complexities to adaptation
planning and assessment and drives the development
of flexible management strategies to identify and
assess context-specific adaptive options rather
than prescriptive solutions. A climate-ready U.S.
agricultural system will depend on easy access to
useable climate knowledge, improved climate risk
management strategies, effective adaptation planning
and assessment methods, and the development of
more resilient production systems.
Risk Assessment and Climate Change:
An Overview
There is uncertainty associated with many of the
steps necessary to assess the effects of climate
change on agriculture. Some of that uncertainty
arises because the science of estimating climate
change is complex and continuously evolving. Other
sources of uncertainty arise from an incomplete
understanding of the effects of a multitude of climate
variables and conditions on crop and livestock
growth and development. The practice of anticipating
human adaptation behavior in the future is inherently
uncertain; observations of past behavior provide a
good starting point, but advances in communication,

The lack of certainty about the expected effects of
climate change complicates decisionmaking about
how, and when, to develop adaptive strategies or
invest in mitigating technologies. Nevertheless,
decisions are made under uncertainty on a daily
basis; a thunderhead on the horizon does not render
us paralyzed with indecision about whether to carry
an umbrella, for instance. Without consciously
realizing it, we weigh the likelihood that it will rain,
together with the costs of carrying an umbrella and
our aversion to getting wet, and reach a decision.
While that particular decision is relatively trivial, the
same tools and processes can be applied to dissect
much more complex problems, arriving at decisions
of far greater importance in a systematic way despite
the presence of uncertainty.
Risk management is the field of decisionmaking
that refines the tools and processes used in
situations with risky or uncertain outcomes in
order to allow decisionmakers to manage the risk
associated with a full suite of potential outcomes.
A number of generalities emerge from the field of
risk management that can be useful in climate and
adaptation planning:
Risk management weighs outcomes as a function
of both likelihood and consequence. As a result,
outcomes with a low probability (or likelihood) of
occurrence but a very high negative effect can be
of as much import in the decisionmaking process as
outcomes with a high probability of occurrence but a
low negative effect. In the context of climate change,
design and incorporation into decisionmaking of lowprobability, high-impact potential outcomes, based
on expert assessment of the literature, is not “fear
mongering” but a necessary part of representing the
range of outcomes under management consideration.
Such outcomes may or may not influence the
management path ultimately chosen, depending on
the relative effects, probabilities of occurrence, and
management options available.
Because there are many possible outcomes in risky
situations, a management path chosen now may
not be the optimal one given the outcome that
actually materializes. When faced with a number of
possible outcomes, it may be preferable to design
management strategies based on a consideration of
how they perform over a range of those outcomes,
rather than selecting strategies based on a single
“most likely” or “high impact” outcome.
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When there are irreversible costs associated with
taking action now, there may be a value associated
with waiting and acquiring additional information
before accepting irreversible costs when the outcome
is uncertain (Antle and Capalbo 2010). This “option
value” captures the irreversible costs that can be
avoided if a management decision is postponed until
more information is acquired and uncertainty in the
management decision is reduced.
Even in the absence of irreversible management
investments and costs, there is a value to information
that reduces uncertainty and enables improved
management decisionmaking over the remaining
uncertainty in outcomes.
Comprehensive risk management in the context of
climate change would allow a subjective examination
of the “risk-weighted” costs and benefits of
launching various adaptation strategies, including
potential investments in early-response systems,
adaptation technologies, communication and
research infrastructure, capacity building, etc., given
uncertainty about which climate and impact scenario
will ultimately emerge. The approach requires the
quantification of an enormous amount of information
about potential climate outcomes, their probability of
occurrence, and their effects, however. Few efforts
have been made to develop such comprehensive
quantification efforts in the context of climate
change.
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griculture in the United States has followed a
path of continual adaptation to a wide range
of factors driving change both from within
and outside of agricultural systems. Agriculture is a
social-ecological system (SES). The complex relationships among different commodities, production
practices, institutions, and stakeholders have enabled
successful adaptation to past levels of climate variability and gradual changes in climate, as well as to
other environmental, economic, and policy-environment changes and consumer purchase behavior. As a
result, agriculture in the United States over the past
century has steadily increased its productivity and
integration into world markets.
The expected increases in frequency, duration, and
intensity of weather events driven by changing
climate present novel and unprecedented challenges
to the sustainability of U.S. agriculture. Past
experience with agricultural production under a
relatively stable climate has created a sense of
confidence in management decisions; faced with
a problem, a producer or land manager could turn
to a time-tested response. With few exceptions,
climate was expected to follow well-established
boundaries of temperature and precipitation. The
response was formulated by the producer and
resulted in changes of land use and/or management
decisions. With increasing uncertainty about weather
and future climate projections, a novel sense of
uncertainty is being introduced into agriculture.
Producers are faced with new types of climatedriven problems; and there is a lack of knowledge
and experience-derived responses from which to
formulate new management strategies. As a result,
climate is expected to become a more significant
factor in future decisionmaking by producers
and other land managers, scientists and technical
advisors, agribusiness, and policymakers. While
past management decisions have largely focused
on adjusting to mean values of precipitation and
temperature, future decisions will likely require
a greater emphasis on managing high levels of

Fig. 8.1.The hills are alive with the sounds of pollinating insects,
and that’s exactly what technicians Rebekah Andrus (left) and
Olivia Messinger are netting in a field near the Wellsville Mountains
(Utah). Image courtesy ARS.

uncertainty, and planning for and adjusting to the
extremes.
Furthermore, climate change effects on U.S.
agriculture cannot be fully examined or understood
without consideration of their global context. Climate
change is a global phenomenon that is affecting the
global agricultural system of which U.S. agriculture
is a part. Climate-driven yield reductions and, in
some cases, enhancements, in different regions will
affect world markets, sometimes to the benefit, and
sometimes to the deficit of other countries with
competing production. Less developed countries are
expected to have less capacity for adapting to climate
change and thus, even in the short-term, there are
likely to be significant effects on global hunger and
well-being. Additionally, risk exists of relocating
pests and pathogens in agricultural products exported
to world markets from their native habitats, thus
creating a demand for increased vigilance by
inspectors at the Nation’s entry ports.
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For the near future, adaptation by agriculture to
changing climate will likely continue the existing
fluid, gradual pace driven primarily by producer-level
adaptive actions to manage increased variability and
extreme weather events. The effectiveness of nearterm, producer-level adaptations to the novel risks
associated with climate change will be enhanced by
new knowledge, technology, policies, and programs
that both contribute to managing climate risk at the
enterprise level and assist with avoiding actions that
might reduce future adaptive capacity. These climate
risk management strategies will likely involve both
short-term and longer term adaptation planning
that takes into account the projected exposures and
specific sensitivities of different production systems.
Many short-term adaptive actions at the producer
level will likely involve extensions of existing
management strategies to reduce the risk of weather
variability to agricultural productivity.
The concept of vulnerability provides a useful
framework from which to manage the complexities
of adapting agriculture to climate change. Effective
adaptation requires understanding and adjusting one
(or more) of the three determinants of agricultural
system vulnerability to climate change. These
include agricultural system: (1) exposure to changing
climate conditions, (2) sensitivity to changing
climate conditions, and (3) capacity for effective
adaptive action. The sections that follow summarize
the findings and conclusions of this report with
respect to these three elements (exposure, sensitivity,
and adaptive capacity) of agricultural vulnerability to
a changing climate.

Exposure to Changing Climate
Conditions
Agriculture’s exposure to climate change will depend
on the trajectory of global greenhouse gas emissions
in the coming decades and on how those emissions
ultimately translate into a changing climate. Efforts
to estimate such projections have a high degree of
uncertainty, related to uncertain assumptions about
factors such as population increases and extent of
emissions mitigation efforts, as well as to uncertainty
in the science of climate change. Nevertheless, it is
very likely that U.S. climate conditions will continue
to change throughout the 21st century, largely driven
by overall emissions of GHGs and aerosols, as well
as due to the strength of feedbacks in the climate
system. Looking ahead to 2100, a low-emissions
scenario is likely to produce summer-time w
 arming
of 3°C to 4°C degrees in much of the Interior West

(excluding coastal areas), with warming of 2°C
to 3°C almost everywhere else. A high-emissions
scenario is likely to result in warming of 5°C to
6°C in much of the Interior West and Midwest, with
warming of 3°C to 5°C degrees in the Southeast and
far western regions, and significant increases in hot
nights during the summer.
Projected changes in precipitation for North America
are more uncertain because they are sensitive to both
local conditions, as well as to shifts in large-scale
circulation patterns. The seasonality of precipitation
is an important factor for agriculture, particularly
in western regions that rely on winter accumulation of snow and gradual release of water stored in
snowpack throughout the spring and summer. Most
regions of the northern and central United States are
projected to see an increase of 5% to 15% in winter
precipitation over the next 30-40 years; areas along
the southern border will likely see decreases of 5%
to 10%, with southern Texas possibly experiencing decreases of up to 15% to 20%. Projections of
change in summer precipitation over the next 30 to
40 years show that the Northwest is likely to become
noticeably drier, with reductions of 15% to 25% in
summertime precipitation. Much of the central South
will likely sees decreases of about 5%, while some
northern central and eastern U.S. regions are projected to experience increases of 5% to 15%. Over
the Midwest, springtime precipitation is expected to
increase with the potential for more intense storms. It
is important to note, however, that increased precipitation does not necessarily translate into more available moisture for agriculture at the time when the
water is needed; changes in timing and distribution
of precipitation will be critical determinants of water
availability and management options under changing
climate conditions.

Sensitivity to Changing Climate
Conditions
The effects of climate change on agricultural
production can be classified as either direct or
indirect. Direct effects refer to the biophysical effects
of changing abiotic climate conditions on crop and
livestock growth, development, and conditions.
Indirect effects include biotic effects – effects arising
from changing agro-ecosystem conditions related
to insect, disease and weed pressure – as well as
induced effects on input resources (land, water, soil)
and market-mediated effects on input and output
prices.
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Plant response to climate change is dictated by a
complex set of interactions to CO2, temperature,
solar radiation, and precipitation. To date, research
has focused on single factors in controlled
environments, creating considerable uncertainty
about climate change effects on crop production.
Changes in average climate conditions are important,
as are changes in the timing and incidence of extreme
climate events. Each crop species has a given set
of temperature thresholds that define the upper and
lower boundaries for growth along with an optimum
temperature, with critical periods of exposure to
temperatures such as the pollination stage when
pollen is released to fertilize the plant and trigger
development of reproductive organs, for fruit, grain,
or fiber (Hatfield et al. 2011). The effects of higher
temperatures on the quality of crop production
is not well understood, but of particular concern
to specialty crops; the value of specialty crops is
derived not just by tonnage but also by the quality of
the harvested product, such as the size of a peach, the
red blush on an apple, or the bouquet of a red wine
produced from a particular vineyard. Extreme events
may also reduce the efficiency of farm inputs by
reducing the flexibility of timing of farm operations
and applications (Tubiello et al. 2007).
While increasing CO2 in the atmosphere has a positive effect on plant growth and decreases soil water
use rates (Kimball 2011), the magnitude of influence
of increasing atmospheric CO2 on crop yields also
depends on the status of other constraints such as
nutrient and water limitations, and timing of crop
exposure to temperature and water extremes. Further,
the overall effects on crop production, depends on
the relative response of the crop versus the response
of most weeds and other competitors for resources;
changes in climate will affect both the crop and the
pathogen, and understanding these changes will be
critical to avoid increased losses in crop productivity. Quality of crop may also be affected; in forage
and grain crops, exposure to increased CO2 causes a
reduction in grain and forage quality (Morgan et al.
2004).
Livestock agriculture is similarly affected through
direct climate impacts on the animals, the resources
that they rely on, and their management costs. Abiotic climate impacts on animals are directly related
to the ability to maintain a body temperature within
the optimum range for growth and reproduction. Furthermore, conception rates decline with increasing
levels of the Thermal Heat Index (THI) (Hahn 1995;
Amundson et al. 2006). While a portion (estimated to
be about 50%) of the declines of domestic livestock

production during hotter summers can be offset by
increased production due to milder winter conditions,
loss of productivity, as reflected in increased time to
slaughter weight or decreased dairy milk production,
has been estimated to represent significant costs to
producers (Frank et al. 2001). Positive changes to
winter THI levels will not offset summer declines
in conception rates, particularly in cattle that breed
primarily in spring and summer.
While climate change impact analysis has primarily
focused on such direct, abiotic impacts, the limited
amount of research on indirect effects of climate
change suggests indirect impacts are likely to be
significant in both the crop and livestock sectors. The
most common projections for pest insects, pathogens,
and viral diseases are expanded or shifted ranges
with increasing temperature (Gutierrez et al. 2006;
Diffenbaugh et al. 2008; Mika et al. 2008; Gutierrez
et al. 2009; Savary, 2011; Canto et al. 2009; NavasCastillo et al. 2011). Warming temperatures may lead
to additional insect generations in a single season,
resulting in increased insect abundance and faster
development of pesticide resistance.
Weeds are also likely to thrive under changing climate conditions. The habitable zone of many weed
species is largely determined by temperature, and
weed scientists have long recognized the potential for
northward expansion of weed species’ ranges as the
climate changes (Patterson et al. 1999). Furthermore,
many weeds respond more positively to increasing
CO2 than most cash crops. To date, for all weed/
crop competition studies where the photosynthetic
pathway is the same, weed growth is favored as CO2
increases (Ziska and Teasdale 2000; Ziska and Bunce
1998). Recent research suggests that glyphosate,
the most widely used herbicide in the United States,
loses its efficacy on weeds grown at CO2 levels that
likely will occur in the coming decades (Ziska et al.
1999).
Indirect impacts of climate change on animal agriculture will play out through forage and feed markets as
well as through biotic impacts of disease and other
pests. Regional warming and changes in rainfall distribution may lead to changes in the spatial or temporal distributions of diseases sensitive to moisture,
such as anthrax, blackleg, hemorrhagic septicemia,
and vector-borne diseases (Baylis and Githeko 2006).
Climate change also may influence the abundance
and/or distribution of the competitors, predators, and
parasites of vectors themselves (Thornton 2010).
Hotter weather may increase the incidence of ketosis,
mastitis, and lameness in dairy cows, and enhance
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growth of mycotoxin-producing fungi, particularly
if moisture conditions are favorable (Gaughan et al.
2009).
The impacts of climate change on forage and feed
price, availability, and quality are mixed and sensitive to climate projection. It is likely that rising CO2
concentrations over the last 150 years have increased
productivity of pastures (Polley et al. 2003; Izaurralde et al. 2011) and that future climatic conditions will enhance productivity on most rangelands
over the next 30 years (Izaurralde et al. 2011).
However, increased CO2 concentrations may also
affect forage crop quality (Morgan et al. 2004) and
the projected impacts of climate change on feed price
are highly sensitive to uncertain climate projections
and crop yield assumptions.
Climate change will also indirectly affect agriculture through its impacts on soil and water resources
as well as on the ecosystem services upon which
agricultural productivity relies. Future changes in the
climatic drivers of soil erosion (e.g., changes in the
intensity of rainfall) and enterprise-level management adaptations to a changing climate (e.g., crop
selection and dates of planting, harvest, and tillage),
for instance, have the potential to greatly influence
soil erosion rates, with a general trend in the United
States toward higher rates of erosion. Increased rates
of erosion can decrease soil productivity through
increased loss of soil organic carbon and other essential nutrients, as well as reduced soil water storage
capacity.

the market level (through changing patterns of trade
and consumption), and/or at the policy level (through
programs that spread risk and support adaptive
responses).
Adaptation by the plant sector will encompass potential strategies ranging from altering planting dates,
selecting cultivars with different maturity ratings,
utilizing more water-efficient crops and supplemental
irrigation to offset precipitation deficits, or changing
crop types and cropping patterns for a given location. Annual crops have more flexibility in adaptation strategies than perennial crops. The economic
investment into perennial vine and tree crops and
the expected lifetime of perennial crops will prove
to be more challenging for adaptation because of the
length of time required to develop new cultivars and/
or to introduce more adapted perennial plants into a
region. Some adaptation strategies for perennial trees
that have a specific chilling requirement may require
development of chemical methods to mimic chilling
hours. Adaptation strategies to cope with the direct
impacts of abiotic stress will be different than strategies to address biotic stresses from insects, diseases,
and weeds. One of the first approaches to offset
the biotic stresses will be increased surveillance of
emerging pest populations.

Capacity of the Agricultural System to
Adapt to Changing Climate Conditions

Adaptation of the animal production sector could
involve a shift to livestock types with greater tolerance of relatively high temperatures which better
utilize existing vegetation, and are more resistant to
livestock pests (Morgan 2005). Preparing for climate
change will require appropriate education and training, development of strategic plans for adjusting to
changing conditions, recognition of animal needs
and potential stress levels, adopting strategies to
minimize and/or mitigate the stress, and selection of
animals and management strategies that are compatible with the production enterprise (Gaughan 2009).
Livestock managers will need to be proactive and
consider resource availability (feed, water, health
care, economic factors, the land base, human capital,
and the animals) when selecting climate change
adaptation strategies.

For the short term, the dynamics of the agricultural
system will likely enable it to respond to climate
changes in ways that partially offset the negative
direct and indirect effects of climate change, while
taking advantage of new opportunities that may arise
through changing climate. Such adaptive behaviors can occur at multiple levels of the agricultural
system, for example at the enterprise level (through
shifts, expansion, or intensification of production),

Economic impact research suggesting that domestic
agricultural markets and producer and consumer
welfare will remain relatively stable in the short-term
despite changing climate conditions usually assumes
that producers take successful adaptive actions, such
as those described above. While such studies can
be interpreted to indicate that the United States has
a couple of decades – a buffer period – before the
impacts of climate change will be sufficiently intense

An improved understanding of potential biotic and
other indirect and induced impacts is therefore a
critical element of a comprehensive climate risk
assessment for agriculture. A notable element of
the indirect effects of climate change is an expected
increase of input costs for the management of insects,
weeds, and pathogens.
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to create large disruptions in the agricultural system,
such results must be interpreted in the context of
recognized limits to their analyses. Most existing climate change impact studies, for instance, are limited
in scope, relying on an assessment of only one or two
direct yield impacts, while excluding indirect impacts
and interactions between impacts, such as changes
in pest and disease pressures that can significantly
decrease productivity and increase management costs
in crops and livestock.
In addition, integrated economic analyses have
focused on the impacts of average changes in
temperature and precipitation patterns; however,
the sensitivity of an agricultural system to climate
change is a function of financial capacity to withstand increasing variability in production and returns,
including catastrophic loss (Smit and Skinner 2002;
Beach et al. 2010). A failure to consider the impacts
of variability and extreme weather events on crop
yields and farm returns, as well as potential credit
and other resource constraints that limit a system’s
technical and financial ability to adapt, may underestimate the system’s financial viability in the face
of changing climate conditions. On the other hand,
ongoing research and technology investment, such
as breeding for drought-tolerant crops, management
to improve ecosystem resilience to climate impacts
and the use of adaptive management strategies may
produce additional opportunities for adaptation that
will increase the capacity of the system to respond to
regional changes in climate conditions.
In the longer term, continuing changes in climate
conditions are likely to overwhelm the ability of the
agricultural system to adapt using existing technologies without significant disruptions to elements of
the agricultural system such as producer welfare,
consumer welfare, or the ecosystem services that
support, and are impacted by, agricultural production.
Agricultural adaptation to climate change is challenged by the increasing pace of change, the complex interactions between the global climate system
and the agricultural system, and the complexity of
adaptation processes (Easterling et al. 2007). To date,
U.S. agricultural research and development efforts
have focused on improving adaptive capacity at the
enterprise-level; however, strengthening adaptive
capacity solely at this level may not be sufficient to
successfully address the challenge of climate change
(Burton and Lim 2005; Howden et al. 2007).
Mainstreaming climate knowledge has been proposed as a core adaptation strategy in agriculture as

well as many other economic sectors (Howden et al.
2007; Adger et al. 2007; Field et al. 2007). Mainstreaming climate knowledge improves adaptive
capacity of the agricultural system by ensuring that
land managers, technical advisors, researchers, private businesspeople, government program managers,
and policymakers are aware of current and projected
climate impacts and can access best management
practices to reduce risks and capture opportunities.
Taking such a comprehensive, climate risk management approach to agricultural adaptation offers
great potential to promote effective adaptive action
by decisionmakers throughout the multiple dimensions of U.S. agriculture. Building a climate-ready
U.S. agricultural system will require easy access to
useable climate knowledge, improved climate risk
management strategies, new processes to support
effective adaptive actions, and development of resilient production systems (Howden et al. 2007).

Research Needs
Agricultural research, especially publically funded
agricultural research, is a well-documented contributor to the success of U.S. agriculture (Fuglie
and Heisey, 2007). Publically and privately funded
research will provide innovations needed for agriculture to adapt to changing climate.
The research needs identified in this report are categorized below within a vulnerability framework and
address specific actions that would serve to improve
understanding and management of the exposure,
sensitivity, and adaptive capacity of U.S. agriculture
to climate change. Attention to these research needs
would enhance the ability of the U.S. agriculture
sector to anticipate and respond to the challenges
presented by changing climate conditions.
Some overarching research needs include the
following:
• Improve projections of future climate conditions
for time scales of seasons to multiple decades,
including more precise information about changes
of average and extreme temperatures, precipitation, and related variables (e.g., evapotranspiration, soil moisture).
• Evaluate the sensitivity of diverse plant and
animal production systems to key direct and indirect climate change effects and their interactions.
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• Develop and extend the knowledge, management
strategies and tools needed by U.S. agricultural
stakeholders to enhance the adaptive capacity of
plant and animal production systems to climate
variability and extremes. While existing management and agronomic options have demonstrated
significant capacity for expanding adaptation
opportunities, new adaptive management strategies, robust risk management approaches, and
breeding and genetic advances offer much potential, but have yet to be evaluated.

• Improve the accuracy and range of weather
predictions (as opposed to longer-term, scenariodependent climate projections) and seasonal forecasts. Better forecasts are needed to understand
near-term exposure and support tactical decisionmaking at all levels of the agricultural system.
Improved forecasting is particularly critical
given the expected increases in the variability of
weather and the incidence of extreme conditions.

Understanding Exposure

The nature and degree of response to key climate
change drivers determines the sensitivity of the
agricultural system to climate change effects. Critical thresholds, feedbacks, and synergies operating
at multiple temporal and spatial scales complicate
efforts to assess agricultural system sensitivity to climate change. Effective adaptation to climate change
effects will be enhanced by research to:

Understanding Sensitivity

The vulnerability of an agricultural system to climate
change is dependent in part on the character, magnitude and rate of climate variation to which a system
is exposed. Effective adaptation will be enhanced by
research to:
• Improve projections of future climate conditions
for time scales of seasons to multiple decades,
including more precise information about changes
of average and extreme temperatures, precipitation, and related variables (e.g., evapotranspiration, soil moisture). Such projections are needed
to better understand exposure to climate risks,
and support effective assessment, planning, and
decision-making across the multiple dimensions
of the U.S. agricultural system.

• Improve understanding of both direct and indirect
climate change effects and their interactions on
plant and animal production systems, together
with new tools for exploring their dynamic interactions throughout the multiple dimensions of the
U.S. agricultural sector;

• Enable projection of future climate conditions
at finer temporal scales (hourly and daily versus
weekly, monthly, or annual averages) and spatial
scales (1-10 km, as opposed to 50-100 km). This
finer scale information would permit decisionmakers from many parts of the agricultural system
to examine the potential effects of climate change
on specific crop and livestock production systems
in specific regions. There is also a need to include
more precise decadal-scale projections to integrate
climate information into longer term planning and
improved information about the probability of
potential changes to effectively manage climate
risks.
• Develop the modeling systems that produce
climate and impact projections through the use
of standard socioeconomic scenarios and access
to more accurate, complete, and integrated
observations of climate change and its effects
on agricultural systems to improve process-level
understanding and validate model simulations.

• Enhance capabilities to quantify and screen plant
and animal response to water and temperature
extremes;
• Improve understanding of climate change effects
on the natural and biological resources upon
which agricultural productivity depends, particularly soil and water resources;
• Improve understanding of climate change effects
on existing agricultural landscape patterns and
production practices;
• Improve understanding of the economic impacts
of climate change and how those impacts are
distributed.
• Develop improved integrated assessment models
and establish ecosystem manipulation sites to
enable experiments that examine the impacts of
simultaneous interacting multiple stresses on plant
and animal production systems.
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Enhancing Adaptive Capacity
Because agricultural systems are human-dominated
ecosystems, the vulnerability of agriculture to climate change is strongly dependent on the responses
taken by humans to adapt to climate change effects.
The adaptive capacity of U.S. agriculture will be
enhanced by research to:
• Improve understanding of the key determinants
(social, economic, and ecological) of adaptive
capacity and resilience in agricultural systems;
• Develop effective methods for the assessment of
adaptive capacity;
• Identify and extend information about existing
best management practices that offer “no-regrets”
and “low regrets” adaptation options;
• Develop resilient crop and livestock production
systems and the socio-economic and cultural/
institutional structures needed to support them;
Develop and extend adaptive management
strategies and climate risk management tools to
improve decision-making throughout the U.S.
agricultural sector;
• Improve understanding of the social limits to
adaptation, including the effects of cost/benefit
considerations, technological feasibility, beliefs,
values and attitudes, and resource constraints on
adaptive response.
• Develop effective adaptation planning and assessment strategies useful to decision makers operating throughout the multiple dimensions of the
U.S. agricultural system.
Understanding Basic Processes
Agricultural systems are notable for the complex
interactions between the physical, biological, and
chemical environment; climate plays a major role
in affecting these basic processes. With additional
research, we could advance our understanding of
effects that climate has on agriculture. Some outstanding research needs are sketched out below.
While not exhaustive, this list indicates some of the
types of information that could advance our foundational knowledge of how the agroecosystem works,
and also provide insight on the impacts of changing
climate on this system.
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• One critical environmental service is pollination.
Lacking basic knowledge in this area makes it
difficult to assess the potential response to climate
change.
• Future crop yield increases will depend largely
on our abilities to increase yield potential. To
increase yield potential, an evaluation must be
made as to the necessity of more targeted varietal
selection designed with specific global change
factors in mind (e.g., high temperatures, or deficit
soil water). Alternatively, it may be that the best
crop yield choice is to opt for a more generalized
yield selection based on existing conditions, doing
so with the expectation that enough new cultivars
will be produced approximately every 7 years that
will allow producers to manage in the face of a
changing environment.
• Scientific understanding of crop response to
changes in CO2, temperature, ozone, water and
other environmental factors affected by climate
change is far from complete; understanding these
responses will guide genetic improvement.
• Linking physiological responses to genomic traits
in plants will provide a level of understanding for
potential resilience mechanisms to climate stress.
• More rapid generation turnover methods and
effective selection criteria will be needed to make
progress in developing perennial cultivars that can
best adapt to changing climate. Marker-selected
breeding techniques and other molecular tools
will be needed for climate adaptation, as well as
improved water use efficiency.
• Development of more robust methods of quantifying environmental stress on animals and differences among animal production systems will
be required to define the parameters of adaptive
systems capable of avoiding stresses caused by
climate change.
• Understanding the fundamental role of environment variables on pest population dynamics will
be necessary to define the potential role of climate
change on the indirect impacts caused by pests.
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Climate Change and Sustainable
Agriculture
The direct and indirect effects of climate change
on agriculture will challenge the Nation’s ability to
attain the four goals of agriculture sustainability as
described by a National Academies of Science report
(2010):
• Satisfy human food, feed, and fiber needs, and
contribute to biofuel needs;
• Enhance environmental quality and the resources
base;
• Sustain economic viability of agriculture; and
• Enhance the quality of life for farmers, farm
workers, and society as a whole.
Effective adaptation to climate change will be
necessary for U.S. agriculture to achieve these goals
during the 21st century. Successful adaptation planning requires both an improved understanding of
the potential system-wide impacts of climate change
and opportunities for adaptation, as well as more
effective methods of managing the novel uncertainty
associated with the management of the U.S. agricultural system under a changing climate.
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Glossary of Commonly Used Terms
C3 species – Almost all plant life on Earth can be divided
into two categories based on the way they assimilate
carbon dioxide into their systems. During the first steps
in CO2 assimilation, C3 plants form a pair of three
carbon-atom molecules. C3 species continue to increase
photosynthesis with rising CO2. C3 plants include more
than 95 percent of the plant species on Earth.

Abscission – The process by which a plant drops one or
more of its parts, such as a leaf, fruit, flower, or seed.
Above-ground Net Primary Productivity (ANPP) –
The measure of the net rate of photosynthetic carbon
sequestration by plants into above-ground components
(e.g., leaves, stalks, stems, etc.). ANPP can provide
insight on key ecological processes.
Adaptive management – A decision process that promotes
flexible decision-making that can be adjusted in the face
of uncertainties as outcomes from management actions
and other events become better understood. Careful
monitoring of these outcomes both advances scientific
understanding and helps adjust policies or operations as
part of an iterative learning process.
Adaptive capacity – The ability of a system – such as
a crop or rangelands, a rural community, a socialecological system – to weather the effects of and adjust
to changing climate.
Aerosols – Extremely fine solid particles that remain
suspended in the air.
Agroecology – Loosely defined, agroecology often
incorporates ideas about a more environmentally
and socially sensitive approach to agriculture, one
that focuses not only on production, but also on the
ecological sustainability of the productive system. This
definition implies a number of features about society
and production that go well beyond the limits of the
agricultural field. Agroecology is integrative because it
uses systems thinking to apply methods and knowledge
from multiple scientific disciplines such as agronomy,
ecology, sociology, and economics to study interactions
between plants, animals, humans, and the environment
in agricultural systems.
Anthesis – The period during which a flower is fully open
and functional.
Biological (indirect) effects of climate change – The
secondary influences on agricultural production, such
as weeds, insects, and disease-vector distribution.
Changing climate may cause shifts in weed, insect,
or disease infestation range, frequency, and intensity,
which, in turn, may affect agriculture. Indirect effects
of climate change may amplify or counteract the direct
effects of climate change.

C4 species – C4 plants initially form four carbon-atom
molecules. C4 plants include such crop plants as sugar
cane and corn. They are the second-most prevalent
photosynthetic type, and do not assimilate CO2 as well
as C3 plants.
Carbon dioxide (CO2) fertilization – The enhancement of
the growth of plants as a result of increased atmospheric
CO2 concentration.
Carbon sink – A carbon reservoir, carbon sinks include
the oceans, plants, and other organisms that remove
carbon from the atmosphere via photosynthetic
processes.
Carbon source – The term describing processes that add
CO2 to the atmosphere.
Carbon sequestration – The term describing processes
that remove CO2 from the atmosphere.
Cardinal temperatures – The critical temperature range
for ideal lifecycle development; these vary by species
and between vegetative and reproductive growth stages.
Chill requirement – The minimum period of cold weather
after which a fruit-bearing tree will blossom.
Climate – Climate, in a narrow sense, is usually defined
as the “average weather” or more rigorously as
the statistical description in terms of the mean and
variability of relevant quantities over a period of time
ranging from months to thousands or millions of years.
The classical period is 30 years, as defined by the World
Meteorological Organization (WMO). The relevant
quantities are most often surface variables such as
temperature, precipitation, and wind. Climate in a wider
sense is the state, including a statistical description, of
the climate system.

Biotroph – An organism that derives nutrients from the
living tissues of another organism.
Boll – The seed-bearing capsule of certain plants,
especially cotton and flax.
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Climate change – Climate change refers to a statistically
significant variation in either the mean state of the
climate or in its variability, persisting for an extended
period (typically decades or longer). Climate change
may be due to natural internal processes or external
forcings, or to persistent anthropogenic changes in the
composition of the atmosphere or in land use. Note that
the United Nations Framework Convention on Climate
Change (UNFCCC), its Article 1 defines “climate
change” as “…a change of climate which is attributed
directly or indirectly to human activity that alters the
composition of the global atmosphere and which is in
addition to natural climate variability observed over
comparable time periods.” The UNFCCC thus makes
a distinction between “climate change” attributable to
human activities altering the atmospheric composition,
and “climate variability” attributable to natural causes.
See also climate variability.
Climate change adaptation – Adjustment in natural
or human systems in response to actual or expected
climatic stimuli or their effects to moderate harm or
exploit beneficial opportunities.

Evapotranspiration – The sum of evaporation and plant
transpiration. Evaporation accounts for the movement
of water to the air from sources such as the soil, canopy
interception, and water bodies. Transpiration accounts
for the movement of water within a plant and the
subsequent loss of water as vapor through stomata in its
leaves.
Free-Air CO2 Enrichment (FACE) – FACE is a method
and infrastructure used to experimentally enrich
the atmosphere enveloping portions of a terrestrial
ecosystem with controlled amounts of CO2 (and in
some cases, other gases), without using chambers or
walls.
Forb – A broad-leaved herb (not a grass), especially one
growing in a field, prairie, or meadow.
Fossil fuels – A natural fuel such as coal or gas, formed
in the geological past from the remains of living
organisms.
Frost day – A day – or span of days – in which the
minimum daily temperature dips below freezing.

Climate variability – Climate variability refers to
variations in the mean state and other statistics (such as
standard deviations, the occurrence of extremes, etc.)
of the climate on all temporal and spatial scales beyond
that of individual weather events. Variability may be
due to natural internal processes within the climate
system (internal variability), or to variations in natural
or anthropogenic external forcing (external variability).
See also climate change.

Germplasm – The living tissue from which new plants can
be grown. It can be a seed or another plant part – e.g., a
leaf, a piece of stem, pollen or even just a few cells that
can be turned into a whole plant.

CO2 enrichment – Addition of CO2 to the atmosphere.

Global dimming – The gradual reduction in the amount
of global direct irradiance at the Earth’s surface that
was observed for several decades after the start of
systematic measurements in 1950s.

Coefficient of variation of annual runoff – A measure of
the variability of runoff.
Diapause – A suspension of development that can occur at
the embryonic, larval, pupal, or adult stage, depending
on the species during adverse conditions. Insect
diapause is triggered by environmental cues, like
daylight and temperature.
Direct (physical) climate change effects – Direct
effects of climate change effects relate to changes
in temperature, precipitation, humidity, and CO2
concentrations. Each of these variables has a direct
influence on the growth and development of crops,
rangelands, and livestock.
Dehiscence – Failure of pollen to form normally and be
released.
Dryland Production – Farming occurring in semi-arid
areas.
Edaphic – Resulting from or influenced by the soil rather
than the climate.
Emissions trajectory – The rate and timing of reductions
in carbon emissions to meet a given carbon-reduction
target.

General circulation model (GCM) – These numerical
models represent physical processes in the atmosphere,
ocean, cryosphere and land surface, providing a method
for simulating the global climate system’s response to
increasing greenhouse gas concentrations.

Greenhouse Gas (GHG) – A gas that traps heat in
the atmosphere is called a greenhouse gas. Some
GHGs, such as CO2, may be emitted or drawn from
the atmosphere through natural processes or human
activities. Other GHGs, such as certain fluorinated
gaseous compounds, are created and emitted solely
through human activities. The principal GHGs that
enter the atmosphere because of human activities are
carbon dioxide (CO2), water vapor (H2O), methane
(CH4),and nitrogen oxide (NO), as well as fluorinated
gases, such as hydrofluorocarbons, perfluorocarbons,
and sulfur hexafluoride.
Greenhouse gas mitigation – Reduction in greenhouse
gas emissions (also often referred to as climate change
mitigation).
Hedonic estimation method – A widely used statistical
methodology for impact assessment.
Hectare – A 100 x 100 meter area; often used as a measure
for an area of land.
Herbivores – Animals that feed chiefly on plants.

Endophyte – A plant living within another plant, usually
as a parasite.
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Homeostasis – The scientific study of periodic biological
phenomena, such as flowering, breeding, and migration,
in relation to climatic conditions.
Integrated assessment model (IAM) – A model that
combines scientific and socio-economic aspects of
climate change primarily for the purpose of assessing
policy options for climate change control.
Irrigation Modes –
Drip irrigation allows water to drip slowly to the roots of
plants through a network of valves, pipes, tubing, and
emitters.
Flood irrigation pumps water onto the fields. The water
then flows freely along the ground among the crops.

Potential evapotranspiration – A representation of the
environmental demand for evapotranspiration and
represents the evapotranspiration rate of a short green
crop, completely shading the ground, of uniform height
and with adequate water status in the soil profile. It is
a reflection of the energy available to evaporate water,
and of the wind available to transport the water vapor
from the ground up into the lower atmosphere.
Ruminant – Even-toed, cud-chewing, hoofed mammals of
the suborder Ruminantia, such as domestic cattle.
Sidedress – An application of fertilizer between the rows
of growing crops.

Leaf area index (LAI) – The ratio of total upper leaf
surface of a crop divided by the surface area of the land
on which the crop grows.

Social-Ecological System (SES) – A linked system
of humans and nature in which the flow and use of
resources (ecological, socioeconomic, and cultural) are
regulated by the interaction of ecological and social
systems. Agricultural social-ecological systems are
ecosystems managed by humans to produce food and
fiber for a set of interconnected markets

Lignin – An organic substance that, with cellulose, forms
the chief part of woody tissue.

Spikelet – The individual places on a rice or other similar
plant where a grain develops.

Lysimeter – A device for collecting water from the
pore spaces of soils, and for determining the soluble
constituents removed in the drainage.

Sporulation – Formation of spores.

Spray irrigation relies on machinery to spray water in all
directions.

Mutualistic relationship – A positive, reciprocal
relationship between two species. Through this
relationship, both species enhance their survival,
growth or fitness.
Necrosis – The premature death of cells in living tissue.
Necrotroph – An organism that causes the death of host
tissues as it grows through them such that it is always
colonizing the dead substrate.
Net primary productivity (NPP) – The ratio of all
biomass accumulation and biomass losses in units of
carbon, weight or energy, per land surface unit, over a
set time interval (usually a year).
Panicle – The complete assembly of spikelets found in
small grains, e.g., rice, wheat, or barley.
Pathogen – A microorganism that causes disease in its
host.
Phenology – The study of periodic biological phenomena
(e.g., flowering of plants, breeding patterns, and species
migration) in relation to climatic conditions.
Phloem – The living tissue that carries organic nutrients
(known as photosynthate), e.g, sucrose, a sugar, to all
parts of the plant.
Physical (direct) climate change effects – The
physical effects of climate change relate to changes
in temperature, precipitation, humidity, and CO2
concentrations. Each of these variables directly
influences the growth and development of crops,
rangelands, and livestock.

Stomatal – One of the minute pores in the epidermis of a
leaf or stem through which gases and water vapor pass.
Tiller – New shoots that develop at the base of the plant.
Threshhold – A point in a system after which any change
that is described as abrupt is one where the change
in the response is much larger than the change in the
forcing. The changes at the threshold are therefore
abrupt relative to the changes that occur before or after
the threshold and can lead to a transition to a new state.
Transdisciplinary research – Transdisciplinary research
integrates disciplinary knowledge with local knowledge
of land managers, technical advisors, and the general
public in participatory research and development.
Troposphere – The lowest region of the atmosphere,
extending from the Earth’s surface to a height of about
6 km to 10 km.
Uncertainty – An expression of the degree to which a
value (e.g., the future state of the climate system) is
unknown.
Vernalization – Plants requiring a cold period to flower.
Vulnerability – The degree to which a system is
susceptible to, or unable to cope with, adverse effects of
climate and global change, including climate variability
and extremes, as well as climate change in conjunction
with other stressors.
Weather – The specific condition of the atmosphere at
a particular place and time. It is measured in terms
of parameters such as wind, temperature, humidity,
atmospheric pressure, cloudiness, and precipitation.
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