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Abstract

Global climate models predict increases over time in average temperature worldwide,
with significant impacts on local patterns of temperature and precipitation. The extent to
which such changes present a risk to food supplies, farmer livelihoods, and rural commu-
nities depends in part on the direction, magnitude, and rate of such changes, but equally
importantly on the ability of the agricultural sector to adapt to changing patterns of
yield and productivity, production cost, and resource availability. Study findings suggest
that, while impacts are highly sensitive to uncertain climate projections, farmers have
considerable flexibility to adapt to changes in local weather, resource conditions, and
price signals by adjusting crops, rotations, and production practices. Such adaptation,
using existing crop production technologies, can partially mitigate the impacts of climate
change on national agricultural markets. Adaptive redistribution of production, however,
may have significant implications for both regional land use and environmental quality.

Keywords: climate change, adaptation, water resources, agricultural pests, Regional
Environment and Agriculture Programming (REAP) model, regional crop mix, regional
environmental effects, drought tolerance, pest management
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Summary

What Is the Issue?

Agricultural production has always been affected by variability in weather,
and U.S. farmers have adopted production practices and strategies appropriate
to their local climate. The weather that shapes the structure of U.S. agri-
cultural production, however, is changing along with world climatic condi-
tions. Climate models predict increases in average temperatures worldwide,
with wide-ranging impacts on local temperature and rainfall. Whether such
changes present a risk to food supplies, farmer livelihoods, and rural commu-
nities depends partly on the direction, magnitude, and rate of such changes,
but also on the agricultural sector’s responsiveness to changing yield and
productivity patterns, production costs, and resource availability. Adaptive
behaviors will allow producers to mitigate costs of climate change and even
to capitalize on new opportunities. The introduction of crop varieties better
adapted to new growing conditions could facilitate this transition.

What Did the Study Find?

The projected impacts of climate change in 2030 vary widely both across
climate scenarios and across regions within a single scenario, primarily due
to the direction and magnitude of precipitation changes. Farmers’ ability to
alter crops, rotations, and production practices enables them to lessen the
impact of changes in local weather, resource conditions, and price signals.
Redistributing production across regions can greatly mitigate the impact

of climate change on national agricultural markets. Such redistribution,
however, will alter land use and environmental quality. Key findings (with
ranges expressed across different climate scenarios) include:

* National acreage changes when farmers adapt are relatively small across
climate change scenarios (from 0.2 to 1.0 percent compared with the
baseline), although acreage changes vary considerably by region. Crop
acreage and planting patterns in the Corn Belt and Northern regions, in
general, are less sensitive to climate change than in Southern regions,
where yield changes have a wider range across crops (for example,
acreage changes in the Delta region range from -9.8 to 5.0 percent).
Acreage changes indicate considerable capacity in the agricultural system
to reallocate crop production in response to shifting conditions.

Although climate change leads to higher prices for corn and soybeans
under hotter, drier scenarios as a result of considerably lower national
yields, adaptation to climate change dampens the rise in prices for most
commodities.

Aggregate national returns to crop production decline with the increasing
severity of the climate change scenario. The same trend holds for the
Corn Belt, which accounts for over half of all returns to U.S. field crop
production. The complex interaction between regional yield changes,
markets, and production options—combined with the Corn Belt’s large
production—creates a larger absolute impact than in other regions,
although the percentage decline in returns is smaller than in other
regions. Changes in returns vary in the other regions, however, with no
direct correspondence to the magnitude of the scenario’s temperature and
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precipitation change. This is due to shifts in the economic attractiveness
of crops in regions other than the Corn Belt.

Aggregate impacts of climate change on net returns to crop farmers range
from an estimated increase of $3.6 billion to a loss of $1.5 billion per year,
under the four climate change scenarios. Spread and redistribution of agri-
cultural pests may reduce these returns by $1.5 billion to $3.0 billion.

Regionally, crop sector impacts from climate change are likely to be
greatest in the Corn Belt, with annual losses ranging from $1.1 billion to
$4.1 billion across scenarios. Heightened damage from crop pests could
lead to additional losses of $400 million to $600 million in that region.
Economic effects in other regions may be positive or negative, depending
on how well crop rotation and tillage practices accommodate changes in
temperature and precipitation and how market-mediated prices change
for predominant regional crops. Drought-tolerant varieties increase returns
nationally and in regions that plant them, indicating that further develop-
ment of drought-tolerant varieties could be beneficial under a wide range of
adverse climate changes.

Changes in crop production result in and reflect changes in crop prices.
Soybean markets may be particularly sensitive, with estimated price
effects ranging from -4 to 22 percent. Corn prices are estimated to change
between -2 and 6 percent, while wheat prices are estimated to decline
across all four scenarios. Shifting agricultural pest populations cause

the price range to widen and crop prices to increase for all crops except
cotton. The availability of drought-tolerant crop varieties is estimated to
reduce prices.

Climate change is projected to slightly increase aggregate natural
resource and environmental impacts from U.S. agricultural production,
although local effects may be more significant. Cropland area is projected
to expand 0.2-1.0 percent, while nitrogen fertilizer losses are projected

to grow 1.4-5.0 percent. Rainfall-related soil erosion changes range from
-0.9 to 1.2 percent above baseline levels. The disproportionate change in
nitrogen loss to water relative to acreage expansion reflects changes in
regional crop distribution, input use, and the varying impacts of changes
in production practices.

This report focuses on how crop farmers will adapt to changing climate
conditions and how extensively changing pest pressures and emergent tech-
nologies such as drought-resistant crops might alter the benefits of adaptation.
While interactions between the crop and livestock sectors are included in

the analysis, changes in the livestock sector are not the focus of the report.
Consumers will likewise be affected by adjustments in both the crop and live-
stock sectors. Livestock producers will see changes in the prices they pay for
feed, and retail food prices will adjust to commodity price changes.

Our climate change analysis focused on the yield-related impacts associated
with increased average temperatures, regional changes in average precipita-
tion, increased carbon dioxide concentration in the atmosphere, the expanded
incidence of pests, and the market-mediated price impacts that arise from
regional shifts in crops and practices. Model limitations precluded analysis of
yield impacts from the potential increase in extreme weather events, nor could
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the analysis address the potential for, and constraints to, expanding irrigated
acreage and water use, which is particularly important in the Western United
States where there is already significant competition for water resources.

How Was the Study Conducted?

Downscaled climate projections from four different general circulation models—
based on the Intergovernmental Panel on Climate Change’s (IPCC) Special Report
on Emissions Scenarios (SRES) A1B emissions scenario—trepresent possible
climate futures in the United States. A crop-growth simulator—the Environmental
Productivity and Integrated Climate (EPIC) model—is used to estimate the

effect on crop yields of associated weather patterns resulting from each climate
projection and a suite of environmental indicators associated with each regional
production enterprise, which consists of a single crop rotation/tillage/fertilizer
regime. Climate projections, historical climate data, and Agricultural Resource
Management Survey (ARMS) data are also used to estimate cost and yield
impacts associated with potential changes in the geographic distribution and
severity of pest and disease outbreaks resulting from climate change. The Regional
Environment and Agriculture Programming (REAP) model—a mathematical
programming model of the U.S. agricultural sector—is then used to project shifts
in regional agricultural production given climate-induced changes in crop produc-
tivity patterns and price/demand feedback from national commodity and livestock
markets. REAP also allows researchers to estimate the impact on national agricul-
tural production, crop prices, regional farmer income, and—in combination with
EPIC results—regional indicators of environmental quality.
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Introduction

Agricultural production has always been closely linked with, and vulnerable to,
trends in weather. As a result, agricultural production enterprises and practices
have adapted to local climatic conditions, and farmers have developed strategies
for responding to local weather variability. Corn farmers in the Corn Belt push
back planting dates in response to a wet spring, for example, and may switch to
soybean production if persistent wet weather delays corn planting excessively.
During extremely dry periods, farmers in the Plains States may increase mois-
ture-conserving tillage practices, such as no-till, ridge-till, and mulch-till (Ding,
2009). Local strategies for weather adaptation are based on years of producer
experience and farming-system research specific to regional conditions.

The range of local weather conditions that has shaped the current structure
of domestic agricultural production, however, is changing in response to
broad shifts in general climatic conditions across the country and around the
world. General climatic conditions have adjusted slowly throughout the 20th
century, with global average temperature increasing 1.3 degrees Fahrenheit
(°F) (IPCC, 2007). As atmospheric concentrations of carbon dioxide (CO,)
have increased, the rate of temperature increase appears to be accelerating,
and recent climate models predict further warming trends over time that may
have a significant impact on local temperature and precipitation patterns.

Agricultural productivity, and the degree to which other inputs (such as fertil-
izer, pesticides, and irrigation) are needed to augment production, depend

a great deal on local climate conditions. Increases in average temperature,
changes in precipitation patterns, and increases in the frequency of extreme
weather events would significantly alter the local production environment
through the distribution of crop yields, crop acreage planted to different crops,
reliance on dryland and irrigated production systems, and the geographic range
and severity of pest outbreaks. Changes in water availability for crop produc-
tion will be an important factor affecting regional agricultural production.
Shifting precipitation patterns in combination with warming temperatures may
increase water scarcity in some regions, intensifying competition for water
currently used in agriculture. In other areas, increased soil-moisture availability
may increase opportunities for agricultural production.

Agricultural systems respond to the changing production environment
associated with climate change through the process of adaptation. The
Intergovernmental Panel on Climate Change (IPCC) defines adaptation as the
“adjustment in natural or human systems in response to actual or expected
climatic stimuli or their effects, which moderates harm or exploits beneficial
opportunities” (IPCC, 2007). Agricultural systems adapt to climate change

at a number of levels, from national-level investments in agricultural research
and development, climate forecasting, or infrastructure to behavioral adjust-
ments of individual farm households. Smit and Skinner (2002) organize agri-
cultural adaptation options within four interdependent categories (table 1):

* Technological developments,
* Government programs and insurance,

* Farm production practices, and

* Farm financial management.

1
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Table 1
Types and examples of agricultural adaptation options

Technological developments

Crop development:

¢ Develop new crop varieties, including hybrids, to increase the tolerance of and suitability of plants to temperature,
moisture, and other relevant climatic conditions.

Weather and climate information systems:
* Develop early warning systems that provide daily weather predictions and seasonal forecasts.
Resource management innovations:

* Develop water management innovations, including irrigation, to address the risk of moisture deficiencies and the
increasing frequency of droughts.

¢ Develop farm-level resource management innovations to address the risk associated with changing temperature,
moisture, and other relevant climatic conditions.

Government programs and insurance

Agricultural subsidy and support programs:

* Modify crop insurance programs to influence farm-level risk management strategies with respect to climate-related loss of
crop yields.

* Modify subsidy, support, and incentive programs to influence farm-level production practices and financial management.
Private insurance:

* Develop private insurance to reduce climate-related risks to farm-level production, infrastructure, and income.
Resource management programs:

* Develop and implement policies and programs to influence farm-level land and water resource use and management
practices in light of changing climate conditions.

Farm production practices

Farm production:

e Diversify crop and livestock types and varieties to address environmental variations and economic risks associated with
climate change.

* Change production intensity to address environmental variations and economic risks associated with climate change.
Land use:

* Use alternative fallow and tillage practices to address climate-related moisture and nutrient deficiencies.
Irrigation:

¢ Implement irrigation practices to address the moisture deficiencies associated with climate change and reduce the risk of
income loss due to recurring drought.

Timing of operations:

¢ Change farm operation timing to address the changing duration of growing seasons and associated changes in
temperature and moisture.

Farm financial management

Crop insurance:

¢ Purchase crop insurance to reduce the risks of climate-related income loss.
Crop shares and futures:

e Invest in crop shares and futures to reduce the risks of climate-related income loss.
Household income:

¢ Diversify household income to address the risk of climate-related income loss.

Source: Adapted from Smit and Skinner, 2002
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While adaptation may take many forms throughout the farm economy, this
report focuses specifically on the potential for adaptation at the first level of
response—farmer behavior. Adapting to changing conditions is nothing new
for farmers; they regularly adapt to changes in crop demand, new technolog-
ical developments, farm policy provisions, land development pressure, and,
most significantly, weather variability.

Changes in individual farmer behavior in response to climate change may
include, but are not limited to, growing different crops or crop varieties;
adjusting planting and harvest dates; altering input use, such as applied fertil-
izers, pesticides, and water; adopting new production methods; expanding
planted acreage; or abandoning farming altogether. How individual farmers
respond to changing conditions is a function of each farmer’s location,
resource endowment, economic incentives, and knowledge of alternatives.
While farming enterprises are likely to adapt in some way to shifting climate
conditions, the costs and benefits of adaptation may vary considerably
depending on the farm’s location, the crops grown, and other factors that
differ across operations.

Similarly, regional impacts of changing climate will not be homogeneous;
some regions may see an improvement in crop growth potential, while
others may face declining productivity (see box, “Climate Change Impact on
Yields”). An analysis that focuses exclusively on the average effect of climate
change on national production, commodity and food prices, and agricultural
trade would mask important regional differences. Climate change that alters
the relative profitability of regional crop production may redistribute produc-
tion and resource allocations across regions, with potentially significant
implications for producer income, resource use, and environmental quality.
Assessing the potential impact of climate change on the U.S. agricultural
sector requires the ability to differentiate among regional impacts and allow
for adaptive behavior that results in shifts within and across production
regions in response to changing climate regimes.

Historically, genetic enhancement—the combination of biological research,
plant breeding, and genetic resources—has played a key role in maintaining
and improving agricultural productivity. As agriculture adapts to global
climate change, however, genetic combinations that are optimal for current
growing environments are unlikely to be optimal for future growing envi-
ronments. Adaptive genetic enhancement of traits, such as drought and heat
tolerance, may offer critical assistance to producers’ long-term response to
the challenges of climate change.

The extent to which changing weather patterns will impact the distribution
and severity of pests (Hatfield et al., 2008) and invasive species (USDA,
2010a) may also influence adaptive decisionmaking strategies in the short
and long term. Increased pesticide and herbicide use is one possible response
(Bridges, 1992; Joyce et al., 2008). Genetic manipulation of crops to better
resist pest and disease infestation is another. Crop distribution may also
change, with production of vulnerable crops moving to less risky regions.
Fully characterizing the potential agricultural impact of climate change
means assessing how crop distributions, yield impacts, and the costs of
prevention and control might be affected by regional temperature changes
and precipitation levels and associated shifts in agroecological systems.
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Climate Change Impacts on Crop Yields

There are several pathways through which the changing
conditions associated with climate change are likely to
influence crop growth and development.

Increasing Temperatures

The impact of increasing temperatures on crop growth will
depend on how climate change shifts local temperatures
relative to the optimal temperature range for the crop varieties
growing in that region. Research suggests that crops may be
particularly sensitive to temperature extremes during the
reproductive phase, when pollen viability and seed setting
are vulnerable to high temperatures (USCCSP, 2008).
Higher average temperatures may also result in accelerated
crop maturity, as optimal air temperatures for growth occur
earlier in the season, which can result in less seasonal growth
and lower yield potential.

Temperature also has an important effect on crop water
demand. Increased crop water requirements under a warming
climate may place greater demands on available soil
moisture and irrigation water supplies. Actual water demand
will depend on other climatic factors as well, including field
humidity and shifts in solar radiation caused by changing
cloud cover and aerosol concentrations.

Changes in Local Precipitation Patterns

A significant body of research has addressed the impact of
climate change on water resources (NWAG, 2000; Thomson
et al., 2005; IPCC, 2007, USCCSP, 2008; USDOI, 2011).
While General Circulation Models (GCMs) predict a wide
range of future precipitation patterns for the United States,
some projected precipitation trends have emerged more
consistently than others from the modeling literature.
Annual precipitation has been projected to increase over
much of the Eastern United States and across the middle-to-
high latitudes of the Central and Western United States.! In
contrast, potential precipitation declines are projected for the
Southwest, Central Mountain region, Southern Plains, and
Delta region, with the direction of precipitation change less
evident across the Southeastern United States and Central
Plains. Changes in total precipitation are also projected to
be accompanied by interseasonal shifts in the timing of
precipitation, with a larger share of precipitation falling in
the winter months and smaller amounts in the summer.

Increasing Atmospheric Carbon Dioxide (CO,)

Crop yields have been observed to increase with increasing
levels of atmospheric CO,, though yield response differs by
crop. Yield increases associated with increasing CO, arise
through two pathways: increased rates of photosynthesis
and reduced water loss through transpiration. Research
suggests that rising CO, concentrations that limit plant
transpiration through the stomata could help mitigate the
increase in crop water stress experienced as a result of higher
temperatures (Izaurralde et al., 2003). The transpiration effect
(the magnitude of which depends largely on soil moisture
levels) operates in all crops. Impacts on crop yields via the
photosynthetic pathway, however, operate only in a subset
of plants. Plants have two different metabolic pathways for
photosynthesis—C; and C,—but only the C; photosynthetic
pathway responds to increased atmospheric CO,. C; crops are
therefore projected to have a higher yield response to increased
atmospheric CO, than are C, crops.

Among the REAP model’s major field crops, only corn and
sorghum are C, plants; other major crops, such as wheat,
soybeans, and cotton, are classified as C, crops and therefore
are more likely to respond positively to increased atmospheric
CO2.2 The U.S. Climate Change Science Program (USCCSP,
2008) reported that a doubling of CO, increased estimated
yields by approximately 4 percent for corn, 0-8 percent
for sorghum, 44 percent for cotton, and 34-38 percent for
soybeans. Actual responses to increasing atmospheric CO,
will depend upon whether crop growth is constrained by
other stressors, such as nitrogen or water limitations.

Changing Patterns of Pests and Disease

Changes in the geographic distribution of crop pests and
diseases (Hatfield et al., 2008) and invasive species (USDA,
2010a; Mooney and Hobbs, 2000; Ziska et al., 2010) as
a result of climate change are expected to increase yield
losses and management costs. In general, weed species are
expected to benefit more than crop species from increasing
temperatures and CO, concentration levels, and crop species
less able to adapt to changing climatic conditions are expected
to be more susceptible to attack by pests. Although the shift in
range of particular pests and invasive species will vary, with
some expanding and others contracting (Bradley et al., 2009),
climate change is expected to lead to a northward expansion

Continued on page 5

IThese projections are generally consistent with higher levels of recorded precipitation over the latter half of the 20th century

(USCCSP, 2008).

2The quantitative impacts of increased CO, on yield are still being discussed in the literature. Most results come from greenhouse or
open-top chambers in the field, with only a few experiments conducted through FACE (free-air carbon dioxide enrichment) methods,
which may provide results more representative of actual field conditions (Lobell and Burke, 2010).
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Continued from page 4

of many damaging pests and diseases. Furthermore, herbicide
use and associated costs are expected to increase, not only
because of increases in pest pressure, but also because
herbicides generally become less effective as temperatures
and CO, levels rise (Kiely et al., 2004). Control costs and
crop losses as a result of weeds, insects, and diseases are
therefore expected to increase, especially in northern regions
where U.S. field crop production is concentrated.

Changes in Soil Fertility and Erosion Rates

For many years, researchers have speculated that the
higher temperatures associated with climate change could
accelerate the decomposition of organic matter in the soil,
making soil less fertile and quicker to release CO, and nitrous
oxide (N,O) from the soil. As far back as 1938, scientists
recognized the importance of soil organic matter to maintain
soil productivity and access to plant-available nitrogen and
observed an empirical relationship between decreased soil
organic matter and increased temperature and/or decreased
precipitation (Albrecht, 1938). Recent field research has
corroborated that differential impacts of temperature on soil
organic compounds may mean that warmer temperatures
shift soil molecular carbon composition toward forms of

carbon less accessible to plants (Feng et al., 2008). Increased
soil erosion may also contribute to soil fertility losses in a
warming world. Climate change may impact erosion rates
through a number of possible pathways, including increased
intensity of rainfall events, shifting incidence of precipitation
from snowfall to rainfall, changing soil organic structure,
and changes in residue or litter cover due to changing yields,
cultivation practices, and decomposition rates.

Changes in Climatic Variability
and the Incidence of Extreme Events

Climate modeling assessments also point to an increase
in precipitation variability, including increases in extreme
weather events, as a potential result of a warming climate.
Risk of flood damages are likely to rise in basins projected
for higher annual runoff or rapid early-season snowmelt
runoff (USDOI, 2011). Greater frequency and intensity
of storm events would likely increase the potential for
pollutant runoff. Evidence also points to increasing drought
frequency and severity, particularly across the central and
southern tier regions of the United States (USCCSP, 2008;
Strzepek et al., 2010).

Individual farmer decisions, when aggregated to the national level, will have
consequences on agricultural markets through production levels, trade, and
prices and on resource use that affects environmental quality. Production
adjustments may involve changes in aggregate land under cultivation; regional
cropping pattern shifts, including movement of crops into areas not histori-
cally cultivated; changes in the distribution of regional crop rotations; and
changes in tillage practices and fertilizer use. This study explores the regional
and national implications of such farm-level adjustments for agricultural
markets and environmental quality and the net effect of such adjustments on
the projected impact of climate change on U.S. crop production.

Scope of the Research

Our research focused on how the crop sector might respond to climate
change, specifically:

* How might farmers adjust land-use and land-management decisions when
faced with a new production regime shaped by climate change, and what
are the implications for regional expansion and contraction of cropland?

* How might negative impacts, such as higher prices to consumers, lower
incomes for farmers, and intensification of environmental consequences,
be reduced or eliminated through adaptation to climate change?

* How might changes in climate and the geographic distribution and
severity of pest and disease outbreaks affect crop production and prices
for major U.S. field crops?
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* What impact might advances in crop research and development have on
the farm production environment?

* How might the response of crop production to climate change impact soil
and water quality?

We explored climate change’s impacts on crop production and the poten-

tial for, and possible constraints to, adaptive behavior that addresses those
impacts. Our quantitative modeling analysis then empirically examined the
implications of altered climate regimes on production patterns and market
conditions projected to occur by the year 2030. The quantitative methodology
consisted of three phases:

* PHASE I: The Environmental Productivity and Integrated Climate
(EPIC) model linked projections of future climate conditions to crop
yields and other biophysical indicators. Since future climate projections
are highly uncertain, we employed climate projections from several
models to capture a range of possible climate outcomes.

PHASE II: The Regional Environment and Agriculture Programming
(REAP) model was first used to examine regional crop and livestock
production, input use, cropping practices, economic returns, and environ-
mental quality based on projected USDA market and production condi-
tions under constant climate conditions (i.e., no climate change). REAP
was then used to examine how production, market, and environmental
measures behave under the climate change scenarios. To isolate the effect
of adaptation, we examined two initial cases assuming climate change:
one where farmers are not allowed to adapt by adjusting crop acreage

or production practices, and a second where farmers can choose crop
acreage, rotation, and tillage in response to climate-induced changes in
crop yields.

PHASE III: We refined the adaptation case explored in phase two to
consider two important issues that may affect behavioral outcomes
under climate change. One case estimated possible changes in costs and
yields due to a shift in the geographic distribution and severity of pest
outbreaks. A second case introduced changes to yields that might result
from research and development supporting crop genetic resources for
drought tolerance.

This research focused on agricultural production in the United States. Our
purpose was to illustrate possible regional impacts of climate change within

the United States and to explore the potential for existing and proposed produc-
tion technologies both to mitigate negative impacts and to take advantage

of beneficial impacts of regional shifts in relative crop yield. We recognize,
however, that ecosystems across the globe will be affected by climate change,
putting additional pressure on international markets and agricultural production
systems worldwide through changes in commodity demand, trade patterns, and
broader economic conditions. This study does not explicitly incorporate inter-
national market changes caused by climate change into its analysis.

While REAP’s strength lies in the specification of crop production detail for
major commodity crops, the model’s structure also allows for a limited set of
adaptation behaviors within the livestock sector. The model permits livestock
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producers to change what they feed livestock in order to minimize costs
under the new price regimes associated with climate change. The flexibility
of such changes, however, is limited to a pre-existing spectrum of histori-
cally observed diet options. New grains, feed meals, and feed combinations
that historically have not been used are not included in the set of livestock
diet options. Furthermore, the impacts of climate change on the livestock
sector are limited to those experienced indirectly through feed markets and
increased competition for pasture land; the model does not capture the direct
impacts of climate change on livestock productivity and production costs,
such as those associated with climate control costs for confined livestock
production (Key and Sneeringer, 2011). While livestock supply and demand is
included in the model, results for the sector are not reported.

We first established a baseline scenario that assumes the current climate will
prevail through 2030. The “no climate change scenario” establishes a base-
line pattern of rotation acreages that meets a projected set of yield, produc-
tion, price, and acreage measures under a set of “current” weather conditions,
as measured by an average of weather conditions between 1950 and 2000.

To measure the impact of climate change on those production patterns, we
considered four analytical cases that reflect differing scopes of potential
climate change impact and behavioral response, as shown in table 2. These
cases will be described more fully as they are introduced in the report. While
not exhaustive, the cases illustrate the implications of different elements of
climate change impact and potential opportunities for adaptation across a
range of climate change scenarios.

Table 2
Description of analysis cases
Drought-
Climate Additional  tolerant
change Adaptation pest varieties
Cases: U.S. agriculture in 2030 scenarios  allowed effects available
Baseline: Without climate change but with anticipated changes in export
demand for agricultural commodities and continued historical rates of growth
in U.S. crop yields. No - - -
No adaptation: With direct effects of climate change in temperature and pre-
cipitation but no farmer adaptation in crops, rotations, tillage, or land use. Yes No No No
Farmer adaptation: With direct effects of climate change but farmers adapt
through changes in crops, rotations, tillage, and land use using existing tech-
nical options. Yes Yes No No
Additional pest damage: In addition to direct effects, climate change also
alters the distribution of agricultural crop pests, leading to reduced yields and
increased pesticide use and management costs. Yes Yes Yes No
Drought-tolerant varieties: Assumes farmers may adopt new, drought-
tolerant varieties for some crops. Yes Yes No Yes

Note: Adaptation refers to changes by farmers in crops, crop rotations, tillage, and land use in response to the direct effects of climate change

on temperature and precipitation.

The trend in projected future demand for U.S. farm exports does not vary across the cases, or with climate change. Although climate change
may also affect foreign demand for U.S. agricultural commodities, modeling these effects is beyond the scope of this report.
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Climate Change and Agricultural
Impact Analysis

Regional Environment and Agriculture
Programming Model

The Regional Environment and Agriculture Programming (REAP) model is a
mathematical optimization model that quantifies agricultural production and
its associated environmental outcomes for 48 “REAP” regions as defined by
the intersection of USDA Farm Production Regions (defined by State bound-
aries) and Natural Resources Conservation Service (NRCS) Land Resource
Regions (defined by predominant soil type and geography) shown in figure 1.
REAP solves for regional acreage and production levels for 10 crops and 13
livestock categories and national production levels for 20 processing sectors
that rely on crop and livestock inputs. REAP explicitly models regional
differences in crop rotations, tillage practices, and input use, such as fertilizer
and pesticides. Although crop patterns are determined at the REAP region
level, results are aggregated to USDA’s Farm Production Regions (bold lines
in fig. 1) for presentation in this study.

Figure 1

Regional Environment and Agiculture Programming (REAP) model regions and USDA Farm Production Regions

Note: USDA's Farm Production Regions are outlined in bold black line.

Source: USDA Farm Production Regions and Natural Resources Conservation Service (NRCS) Land Resource Regions.
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Each REAP model region includes a set of available crop rotations that are
implemented using one of up to five tillage practices. The combination of
region, rotation, and tillage practice is referred to as a production enterprise
and represents the basic unit of crop production economic activity in the
REAP model. A selection of regionally appropriate production enterprises
was derived for each REAP region from 1997 National Resources Inventory
(NRI) data. When REAP solves for agricultural production patterns under
changed climate, technology, or policy conditions, acreage in each region is
distributed among production enterprises based on an assessment of relative
rates of return arising from differences in yields, costs, and returns and is
further constrained by acreage distribution parameters that capture histori-
cally observed patterns of production. (For more information on the REAP
modeling framework, see Appendix A.)

REAP Baseline

To construct a baseline against which to compare the impacts of climate
change, REAP’s pattern of production enterprises was calibrated to projected
agricultural production conditions for 2030, assuming constant climate condi-
tions based on climate variables calculated as a monthly average over 1950-
2000 (Hijmans et al., 2005). This “no climate change” baseline scenario
assumes that technology and market conditions will continue to change at
historical rates and holds the suitability of a given region to produce crops
constant according to a baseline set of weather conditions.

Technology and market condition projections in 2030 were extrapolated

from USDA’s annual agricultural production and market indicator projec-
tions (USDA, 2010b). The USDA projections include estimates of planted
and harvested acreage, anticipated crop yields, trade volumes, and market
prices to 2030 (table 3). The projections assume that agricultural policies
remain constant and that improvements in crop yields grow at a fixed rate.
Yield estimates for the baseline case were calculated by first running EPIC
under the “current” weather conditions. EPIC yields were then adjusted, using

Table 3
Baseline production and market projections for 2030
Production
Planted Harvested  mijion bushels, Harvested

acres acres except as yield Price
Crop (million) (million) noted) (bu/acre) (dollars)
Corn 89 81.8 16,400 200.4 3.65
Sorghum 6.7 5.8 370 63.4 3.45
Barley 3.3 2.9 252 78.2 3.93
Oats 3.1 1.3 192 71.5 2.25
Wheat 52.5 44.6 2,371 50 4.7
Rice! 3.075 3.057 296.9 84.35 16.76
Soybeans 76 75 3,829 51 9.3
Cotton? 11.5 10.2 21.495 2.125 383816

"Rice units measured in million cwt, or hundredweight.
2Cotton units measured in million 480-pound bales.

Source: USDA, Economic Research Service, Paul Westcott, personal communication, 2011.
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a crop-specific adjustment factor, to meet projected average yields for 2030
to capture assumptions about exogenous increases in crop productivity. The
baseline projections do not consider the likelihood of shocks to agricultural
production from extreme weather or changes over time in other economic
conditions, such as energy prices, incomes, or exchange rates that might
affect exports, imports, or input prices.

Characterizing the Study’s Climate Projections

There are various sources of uncertainty associated with generating estimates
of future local weather conditions suitable for agricultural production impact
analysis. Most significant among these are:

* The rate at which carbon and other greenhouse gases (GHG) are expected
to be emitted into the atmosphere in the coming decades;

* The effects of that GHG accumulation on climate dynamics and core
average climate variables, such as temperature, precipitation, and relative
humidity; and

* Our capacity to downscale geographically coarse average climate projections
into local projections for temperature, precipitation, and other variables that
reflect daily weather changes across a finer spatial and temporal scale.

The IPCC Special Report on Emissions Scenarios (SRES) addressed the
first source of uncertainty. The report defined several emissions scenarios
that reflect different sets of assumptions about global population change,
technology adoption, energy use, and macroeconomic conditions. The uncer-
tainty surrounding carbon dynamics and climate response is reflected by

a wide array of models that attempt to project future climate trends. These
models—general circulation models (GCMs)—differ from one another in the
numerical methods used, as well as in the spatial resolution at which climate
projections are made. As a result, different models may vary considerably
with respect to predictions of the magnitude and direction of precipitation
and temperature change for given points or regions.

Each of the IPCC scenarios represented an estimated future path of

CO, emissions that can be used as emissions input data into a GCM.
Atmospheric CO, levels are an important driver of many long-term climate
phenomena, so the various emissions scenarios result in different long-term
climate projections. This analysis used climate projections derived from a
single emissions scenario—the SRES A1B emissions scenario—which was
designed to reflect “very rapid economic growth,” “the rapid introduction
of new and more efficient technologies,” and a balanced portfolio of energy
sources that included both fossil fuels and renewable energy technologies
(IPCC, 2007). The SRES A1B emissions scenario represented a middle
ground between other illustrative scenarios. Because this research focuses
on an analysis year (2030) that occurs prior to significant divergence in
emissions levels across the different scenarios, sensitivity analysis of results
across the different emissions scenarios was not considered a high priority.
In contrast, the significant variability across GCM results using a single
emissions scenario suggested a need to explore climate projections across

a number of models to capture a range of possible climate impacts arising
from a single projected path of emissions.
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“Downscaling” refers to the process of translating the large-scale climate
information that emerges from GCMs into finer temporal and spatial resolu-
tion. There are several methods available for downscaling GCM output; the
downscaled data used in this study were generated by Jones, Thornton, and
Heinke (2009). Each of the four datasets represents output from a different
GCM running the SRES A1B emissions scenario (table 4). For more infor-
mation on the climate projections and how the downscaled data were aggre-
gated to regions suitable for the REAP analysis, see Appendix B.

Figure 2 shows the variation in mean annual maximum temperature and
precipitation change between the base period and 2030 for each of the four
climate projections across REAP regions. The Model for Interdisciplinary
Research on Climate (MIROC) represented the most extreme change from
the base period, in that it demonstrated the largest temperature increase and
the most negative precipitation change. The Commonwealth Scientific and
Industrial Research Organisation (CSIRO) and Max Planck Institute’s ECH
scenarios represented the mildest change projections; both predicted a similar
range of temperature increases across REAP regions, but the ECH scenario
predicted slightly wetter conditions relative to the CSIRO projections. The
Centre National de Recherches (CNR) projection was highly variable in both
temperature increase and precipitation change across the REAP regions and
represented a moderate national projection in terms of the severity of climate
change predicted among the scenarios considered.

While the magnitudes of shifts in maximum temperatures differed across
GCMs, regional patterns of temperature impact were somewhat similar (fig.
3). The models generally projected the most moderate temperature increases
in the West and Southeast and more significant temperature impacts in the
Midwest and Northeast. That pattern of impact was roughly consistent with a
composite of multiple [PCC model simulations generated for North America,
which projected temperature increases from approximately 1 degree Celsius
(°C) in the Southeast to more than 2 °C in northern Canada, with interme-
diate values over the rest of the contiguous United States (USCCSP, 2008).

In contrast to the consistent pattern of relative temperature impacts, there
was little consistency in precipitation-change projections across GCMs

Reference

Table 4
General circulation models adopted for use in this study
Model name Label Institution

Centre National de Recherches Meteorologiques
CNRM-CM3 CNR (CNRM), Meteo France, France

Commonwealth Scientific and Industrial Research
CSIRO-Mark 3.0 CSIRO Organisation (CSIRO) Atmospheric Research, Australia
ECHam5 ECH Max Planck Institute for Meteorology, Germany

Center for Climate System Research (University of
Tokyo), National Institute for Environmental Studies,

and Frontier Research Center for Global Change
MIROC 3.2 MIROC (JAMSTEC), Japan

Déqué et al. (1994)

Gordon et al. (2002)

Roeckner et al. (2003)

K-1 Developers (2004)

CM3 = Climate Model, version 3.
ECHam5 = European Centre — Hamburg.
MIROC 3.2 = Model for Interdisciplinary Research on Climate.
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Figure 2

Estimated change in mean annual maximum temperature
and precipitation for each REAP production region under
the four climate change scenarios

Temperature change, 2000-2030 (degrees Celsius)
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REAP = Regional Environment and Agriculture Programming model.
See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.

Source: USDA, Economic Research Service calculations and Jones, Thornton, and Heinke, 2010.

(fig. 4). Some regions exhibited an increase in precipitation according to
some models and a decrease in precipitation according to others. A few
regions demonstrated a consistent direction of impact across models; the
Pacific Northwest exhibited an increase in precipitation across all models,
while the Texas/Louisiana region exhibited a decline in precipitation
across all models. Nevertheless, even regions with a consistent direction
of impact exhibited a wide range of estimated magnitudes across GCMs.
Because there is no basis with which to assign probabilities to climate
outcomes predicted across GCMs, crop yield impacts, adaptation poten-
tial, and aggregate system impacts were calculated and presented inde-
pendently for each of the illustrative climate projections.

Quantifying Climate Change Impacts
on Crop Yields

Climate change is expected to impact crop growth and development through
a number of pathways (see box, “Climate Change Impacts on Crop Yields,”
p- 4). In this analysis, climate change impacts on crop yields were estimated
using EPIC—a field-scale biophysical model that uses a daily time step to
simulate crop growth, soil impacts, hydrology, nutrient cycling, and pesti-
cide fate under various cropping systems (e.g., tillage, crop rotation, soil and
nutrient management) and weather scenarios. A random weather generator
built into EPIC uses the average monthly climate information derived from
the GCMs—minimum daily temperature (TMIN), maximum daily tempera-
ture (TMAX), and precipitation (PRCP)—to generate daily temperature and
precipitation patterns for simulated crop growth in each REAP region.
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Figure 3
Change in mean annual maximum temperature (degrees Celsius), from the baseline
under the four climate change scenarios
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See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
Source: USDA, Economic Research Service calculations and Jones, Thornton, and Heinke, 2010.

To represent a range of possible weather scenarios associated with each GCM’s
set of average monthly estimates, simulation results were run 10 times for 20
years, using a different random weather seed for each run. Results from the
first 10 years of each run (a total of 100 years) were discarded to minimize the
impact of initial soil conditions on yield and environmental impact estimates.
Results from the remaining 100 years were used to calculate the average yield
and environmental impact results associated with each production enterprise.
Because variability estimates for future weather cannot be derived from either
the original or the downscaled GCM climate output, weather variability—and
therefore the incidence of extreme weather events—was held constant in this
analysis across the baseline and future weather scenarios.

For each production enterprise, EPIC was used to calculate a set of yield

and environmental impact measures associated with region-specific weather
assumptions and four sets of regional soils differentiated by highly erod-
ible, non-highly erodible, with tile drainage, and without tile drainage. To
calculate the impact of the climate change scenarios on crop growth in each
region, the crop growth parameters and geophysical process parameters used
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Figure 4
Change in annual precipitation (millimeters), from the baseline under the four climate change scenarios
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See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
Source: USDA, Economic Research Service calculations and Jones, Thomton, and Heinke, 2010.

in EPIC’s simulations were held constant across the estimates generated using
the baseline climate conditions and the projected climate conditions emerging
from the GCMs. In moving from the baseline to the climate change projec-
tion scenarios, however, we assumed that ground-level CO, concentrations
increased from 381 parts per million (ppm) in the baseline to 450 ppm across
GCM projections. EPIC calculated the impact of the increased atmospheric
CO, effect using a nonlinear plant response equation with crop-specific
parameters (see Appendix C for a more detailed discussion of the impact of
increased atmospheric CO, levels in this analysis). The only other variables
that differed between the baseline and the climate change yield estimates
were the TMIN, TMAX, and PRCP variables.

Quantifying the Impacts of Climate Change
and Adaptation Behavior Using REAP

Climate-induced changes in agricultural production were assessed by substi-
tuting into REAP the yield and cost estimates for production enterprises that
were estimated in EPIC using new, regionally variable climate conditions
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associated with climate projections. Yield estimates were again adjusted (by
the same crop-specific adjustment factor) to account for exogenous increases
in productivity up to 2030. Because climate change affects crops and regions
differently, the relative productivity and economic value of regional produc-
tion enterprises will change under the projected climate scenarios. Production
enterprises that are economical under one climate regime may not be
economical under another.

Our analysis showed that in each climate change scenario, several historically
established crop rotations were no longer economical to employ, possibly
because the enterprise was marginally economical in the baseline and was
sensitive to climate-induced changes in yield or price. Another economic
driver may be that changes in other crop yields and/or prices make them
more favorable to produce and force out crop rotations that do not experi-
ence improved yields or increased prices. Optimizing agricultural production
levels and patterns under projected climate conditions produced a new pattern
of production enterprises that reflected changes in regional production levels,
including shifts among crops, crop rotations, tillage used, and expansion or
contraction of cropland.

Quantifying the Additional Impacts
of Pest Distribution Change

Pests and diseases reduce crop yields through several means. Weeds often
reduce yields by competing for external resources. Generally, there are

few genetic sources of host plant resistance to weeds, with the exception of
parasitic weeds that invade the roots of crop plants. Host plant resistance to
insects is more common in field crops, and host plant resistance is even more
important in field crops for many plant diseases, particularly fungal diseases.
Whether measured in pounds of active ingredient or in pesticide costs,
herbicides are the most widely used chemicals in U.S. field crop production.
Insecticide use has been common in corn and cotton. Fungicide use is quite
low in field crops, although it is much higher in fruits and vegetables (Osteen
and Livingston, 2006; Padgitt et al., 2000).

Global climate change, at least in terms of average annual temperature, will
have the effect of making production conditions in northern U.S. regions
more similar to production conditions in southern regions. In southern
regions, problems with pests, especially weeds—the most important type

of crop pest in terms of pesticide expenditures and yield losses—are much
more severe (Bridges, 1992). In this analysis, the assumption of a temperature
change-induced migration of pest costs and impacts was used to estimate
the potential additional pest-related impacts on yield losses and production
patterns associated with changing climate conditions. Our analysis assumed
that temperature is an important factor driving changes in the geographical
distributions of pests and invasive species. This was a reasonable assumption
for many biological organisms because average temperatures during winter
months are important determinants of overwintering survival rates and
because average annual temperatures are correlated with average tempera-
tures during winter months (Hatfield et al., 2008). Changes in precipitation
patterns also guide changes in the distribution of pests and invasive species.
Estimating the direct impact of precipitation changes with consistency,
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however, was beyond current modeling capacity. We instead focused on
estimating the direct effect of average annual temperature changes, while
accounting for annual weather variation over time and space.

We began by estimating quadratic relationships between average annual
temperature and latitude for the REAP crop production regions for 2000

and 2030 based on CNR, CSIRO, ECH, and MIROC temperature projec-
tions. These estimates were then used to estimate the percentage shift in each
region’s latitude centroid—the latitude at the center of the region—associated
with the respective temperature change projections. Those percentage shifts
were used to characterize the extent of each region’s southward movement in
latitude-temperature space (see Appendix D for more information).

We then used Agricultural Resource Management Survey (ARMS)! data

for barley (2003), corn (1996, 2001, 2005), cotton (1997, 2003, 2007), oat
(2005), rice (2000, 2006), sorghum (2003), soybean (1997, 2002, 2006), and
wheat (2004) producers to estimate linear relationships between real pesti-
cide expenditures per acre and latitude for each crop, while accounting for
weather variation over time and 10 USDA National Agricultural Statistics
Service (NASS) crop production regions.? The estimates from this model
were combined with the estimates used to characterize the southward move-
ment of the REAP regions in latitude-temperature space (Appendix D, table
5) to obtain percentage changes in pesticide expenditures and yield losses for
each crop and for each region under climate change in 2030 relative to 2000.
The percentage changes in pesticide expenditures and yield losses were then
input into the REAP model to examine the pest-impact scenarios associated
with climate change.

Generally, both yield loss and pesticide use increase with pest pressure
(Livingston, Carlson, and Fackler, 2004; Hatfield et al., 2008). Because
observations on yield loss due to pests are not available in the ARMS data,
percentage yield-loss impacts were specified as a constant multiple of the
percentage pesticide-expenditure impacts. The constant multiple was the elas-
ticity of yield loss with respect to pesticide applications (0.97), which was based
on estimates of a yield-loss function for cotton reported by Livingston et al.
(2007). While the elasticity of yield loss with respect to pesticide applications
likely varies by crop—as well as over time, as new pesticides and genetically
engineered (GE) crop varieties become available—we used the estimate for
cotton to specify yield-loss impacts for all crops because cotton was the only
U.S. crop for which reliable yield-loss estimates due to pests were reported.

This method implicitly assumes that the shares of pesticide expenditures and
yield losses associated with domestic and invasive pests, and the rate of intro-
duction of new invasive species, would not change during 2000-30 relative to
1996-2007. These assumptions were necessary because information was not
available to determine the allocation of pesticide expenditures across both
pest categories in the ARMS data and because impacts of climate change on
invasive species introductions are difficult to predict.

Estimates suggest that with changes in the distribution of pest popula-

tions for each climate-change scenario, pesticide expenditures and yield
losses would increase for barley, corn, oats, sorghum, soybeans, and wheat;
decline for cotton; and remain fairly constant for rice (table 5). The estimates
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Economic Research Service and
the National Agricultural Statistics
Service. Visit http://www.ers.usda.gov/
Briefing/ARMS/ for more information
and to download summary statistics
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2Observations on average annual
temperature and precipitation were not
available in the ARMS data; there-
fore, we used a time index and NASS
production-region fixed effects to ac-
count for annual weather variation over
time and space. We used the results
reported in appendix table 6 to specify
the pesticide-expenditure and yield-
loss impacts used in the analysis.
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Table 5
Average percentage change in pesticide expenditures and yield losses across the REAP (Regional
Environment and Agriculture Programming model) regions for each climate change scenario, by crop

ECH CSIRO CNR MIROC
Crop Cost Yield loss Cost Yield loss Cost Yield loss Cost Yield loss
Percent
Barley 4.9 4.7 3.9 3.8 6.0 5.8 8.5 8.2
Corn 2.9 28 2.3 2.3 35 3.4 5.0 48
Cotton 1.0 1.0 -0.8 0.8 1.2 1.2 1.7 1.7
Oats 7.4 7.1 5.9 5.7 9.0 8.7 12.9 12.4
Rice -0.5 -0.4 -0.4 -0.4 -0.6 -0.5 -0.8 -0.8
Sorghum 3.9 3.8 3.2 3.1 4.8 4.6 6.8 6.6
Soybeans 4.2 41 3.4 3.3 51 4.9 7.3 7.0
Wheat 3.9 3.7 3.1 3.0 47 45 6.7 6.4

See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.

Notes: Estimates based on the maximum likelihood estimates relating pesticide expenditures to latitude and the southward movements of the
latitude centroids of each REAP region (see Appendix D). Percentage changes in yield losses are a constant multiple (0.9661) of the percent-
age changes in pesticide expenditures. The constant multiple is the elasticity of yield loss with respect to pesticide applications and is based on
estimates and data reported by Livingston et al. (2007).

suggest that the largest impacts would occur in oats, which could experience
increases in pesticide expenditures between 6 and 13 percent (for CSIRO and
MIROC, respectively). The least deleterious impacts would occur in corn,
which might experience increases in pesticide expenditures between 2 and 5
percent (for CSIRO and MIROC, respectively).

Quantifying the Impacts of Drought-Tolerant Varieties

To complement the analysis of adaptive behavior of agricultural producers,
we analyzed a case that represents the potential for technical change to
provide additional adaptation opportunities and the implications of those
opportunities on the magnitude or pattern of climate change impacts. There
are many promising avenues of research on plant genetics, soil management,
and inputs to production that may lead to advances that mitigate climate
change impacts. We did not attempt to describe all the possible benefits of
such research. We considered an illustrative case that introduces varieties for
selected crops that can maintain yields under conditions of reduced precipita-
tion, so-called “drought-tolerant” varieties, thereby reducing yield losses due
to climate change for some crops in regions with low precipitation.
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Quantifying the Agricultural Impact of
Climate Change and the Potential for
Agricultural Adaptation

Applying information about the yield impact of climate change across
projected production patterns in the United States is a straightforward, if
naive, approach to estimating the potential economic impact of climate
change. This method assumes an unrealistic future in which farmers’ yields
and returns are affected by climate change, but farmers fail to adapt their
production decisions to changing climate conditions. Nevertheless, illustrating
just such a scenario allows us to visualize regional and crop differences in the
biophysical impacts of climate change and, as described later, to differentiate
changes that take place in the agricultural sector due to biophysical impacts
from those resulting from dynamic behavioral adaptation.

We first illustrate a “no adaptation” case and then provide the results of a
more comprehensive assessment of climate change impacts, incorporating the
impacts of farmer adaptation decisions in determining production and price
patterns under changed climate conditions. A comparison between the “no
adaptation” and “adaptation” cases illustrates the benefits of adaptation.

Climate Impact Analysis: No Adaptation

“No adaptation” case results were derived by putting new yield numbers

into REAP but prohibiting the model from adjusting projected 2030 base-
line acreage, tillage, or rotation allocations to crop production activities in
response to the new climate-adjusted yields. REAP then used the baseline
(i.e., no climate change) production patterns, together with the adjusted yield
and environmental impact information, to calculate crop production, farmer
income, price impacts, and environmental impacts under each future climate
scenario. Note that, for this case, REAP eliminated farmer adaptation but
retained the flexibility to adjust the livestock sector, most notably with respect
to its demand for feed grains, in response to changed production and price
patterns. Changes in national productivity by crop due to climate change,
assuming no adaptive behavior on the part of farmers, are shown in figure 5.

These crop yield averages reflect the average impact of climate change on
individual production enterprises (i.e., region/rotation/tillage combinations)
weighted by the amount of crop acreage in that production enterprise, which
remained constant across the climate projections in this case. Several inter-
esting climate effects on crop productivity are evident here. Climate change
impacts were most negative for corn and soybean productivity, though the
least extreme scenario (ECH) produced an increase in crop yields for both.
Several other crops experienced crop productivity increases for some or all
of the scenarios, though the yield increases associated with the more extreme
climate change scenarios (MIROC and CNR) were generally lower than
those associated with the milder scenarios (ECH and CSIRO). While the
impact of any temperature increase was generally negative, positive crop
productivity impacts can arise both from beneficial precipitation changes
(increases in water-constrained regions) or from the CO, fertilization effect
projected when atmospheric carbon dioxide concentrations increase from 381
to 450 parts per million (ppm). For several crops, the latter positive effects
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Figure 5

Changes in national average crop yield without adaptation,
by climate change scenario
Percent change in yield from baseline
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See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.

Source: USDA, Economic Research Service calculations.

outweighed the negative temperature-related losses for some or all of the
projected climate projections.>

Aggregating crop productivity impacts at the national level, however, masked
considerable variability in both crop productivity by region under the baseline
and in regional impacts on productivity under the climate change scenarios.
Disaggregating the results for corn to the level of the farm production region
produced the results shown in figure 6. While the productivity results for the
Corn Belt drove the pattern of national averages shown in figure 5 (because
the Corn Belt accounts for 53-56 percent of U.S. corn production under

these scenarios), there were regional differences in corn’s response under a
given climate scenario. In some regions, one or both of the milder climate
change scenarios actually increased corn yields. Furthermore, corn produc-
tion increased under even the extreme climate scenarios in the minor corn-
producing regions of the Pacific and Mountain States and the Southern Plains
region. A portion of corn production in those regions is irrigated and, there-
fore, less sensitive to precipitation losses from climate change but also mildly
responsive to carbon dioxide fertilization gains.

In a situation with fewer interacting parts, price results might mirror produc-
tivity results; when national average crop productivity decreases (increases),
the price of that crop increases (decreases) (fig. 7). Since crop and live-
stock markets are integrated, however, this simple dynamic did not play

out for several crops and climate scenarios. Because corn prices go up in
every scenario, there was always an incentive to substitute away from corn
in livestock diets, which has implications for the price of other grains and
feed meals. The significant corn price increases in the CNR and MIROC
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Figure 6

Regional differences in national average corn yield without adaptation,
by farm production region and climate change scenario
Percent change from baseline
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AP = Appalachia, CB = Corn Belt, DL = Delta, LA = Lake States, MN = Mountain,
NP = Northern Plains, NT = Northeast, PA = Pacific, SE = Southeast, SP = Southern Plains.

See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
Source: USDA, Economic Research Service calculations.

Figure 7

Price changes relative to the “no climate change baseline,”
by climate change scenario

Percent change in crop price from baseline
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See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
Source: USDA, Economic Research Service calculations.

scenarios, in particular, appeared to pull up soybean, oat, sorghum, and
barley prices, despite field productivity increases for some of those crops.
Productivity, and therefore supply, of oats increased under every scenario,
but prices also increased under all but the ECH scenario. Similarly, barley’s
substitutability with the other feed grains in livestock diets led to increased
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barley demand and a demand-induced price increase under the MIROC
scenario that persisted despite increasing supply.

The productivity impacts illustrated in this section reflect only EPIC’s yield-
change calculations based on changing climate conditions, while the price
impacts reflect a limited set of interacting demand-and-supply forces across
agricultural sectors. Projecting potential climate change impacts on the crop
sector, however, requires a more comprehensive analysis to capture how
farmers may respond to biophysical impacts in their production decisions. In
the following sections, we discuss how farmers might adapt to the biophysical
impacts of climate change and the implications of such production adjust-
ments for aggregate crop production, prices, agricultural acreage, and a suite
of environmental indicators under changing climate regimes.

Climate Change Impacts When Farmers Adapt Crop
Rotations, Tillage, and Land Use

The economic value of planting specific crops in each region changed in
response to the new production conditions, since yields and costs did not
change uniformly in magnitude or direction for all regions in our scenarios.
In some regions, adaptation to climate change resulted in reduced planted
acreage, while planted acreage in other regions increased. Regional produc-
tion effects reflected both changes in yield and planted acreage. Differences
in production levels, coupled with demand response to substitute crops, in
turn drove changes in crop prices. The combination of changes in acreage,
yield, and price influenced the degree to which farm revenues responded in a
region. In this section, we report results from the REAP model that describe
the economic and environmental impacts of the climate change scenarios on
U.S. crop production, taking into account how farmers may adjust their crop
and tillage decisions. The results are shown relative to the baseline projection
(assuming no climate change) for U.S. agriculture in 2030.

Regional Shifts in Planted Acreage for Selected Crops

Each of the four climate change scenarios demonstrated a small increase in
total planted acreage compared with baseline acreage levels, though there

is variability in the direction of acreage change by region (fig. 8). The total
acreage change, though relatively small compared with the baseline acreage,
was composed of changes in the acreage planted to individual crops. The
individual crops showed a much wider range across climate change scenarios,
following differences in productivity and regional redistribution (table 6).
Corn acres increased in all scenarios, reflecting the decline in corn yields
(see fig. 5) and the need for additional acreage to compensate. Response

of other crops varied by scenario, with the ECH and CSIRO scenarios
showing a reduction in wheat acres that corresponds to the larger wheat-
yield increases in these scenarios. Soybean acres declined in the CNR and
MIROC scenarios; despite higher soybean prices, acreage decline likely
reflects a decrease in the relative returns to soybean production arising from
the significant yield decline under the warmer climate scenarios. The corre-
sponding corn price increase in the MIROC scenario keeps soybean acres
from declining further as soybeans are often produced in rotation with corn,
particularly in the Corn Belt.
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Figure 8
Changes in total regional planted acres from “no climate change baseline”
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See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
Source: USDA, Economic Research Service calculations.

Table 6

Total U.S. acreage change, by climate change scenario

Crop ECH CSIRO CNR MIROC
Percent change

Total 0.6 0.6 0.2 1.0

Corn 1.7 2.8 3.0 4.2

Wheat -1.1 -0.2 1.0 0.8

Soybeans 14 1.0 -2.8 -1.8

Other crops -0.1 -1.5 -0.2 0.5

See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
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Even though total U.S. acreage planted increased in all scenarios, no indi-
vidual region showed an increase in planted acreage across all scenarios.
While the variation in total acreage change was small across scenarios from
a national perspective, the regions showed different degrees of response.
Acreage in the Corn Belt was the least sensitive to climate change, with total
changes ranging from -2.7 to 1.4 percent. In contrast, the Delta region showed
a range of change between -9.8 and 5.0 percent. The sensitivity to change
reflects the capacity of the region to economically shift to a different crop
mix, indicating crop and production practice substitution possibilities and the
larger regional yield changes relative to the national changes for each crop.

Figures 9-11 illustrate the change in planted acreage by climate change
scenario for the three major field crops (corn, wheat, and soybeans). As with
the national total, corn acreage in the Corn Belt was the least sensitive (-1.3 to
1.1 percent). For each of the other regions, at least one scenario demonstrated
at least a 10-percent change in acreage from the baseline. The Southern
Plains increased corn acreage in all scenarios, with the Delta and Pacific
regions reducing corn acres in all scenarios.

Figure 9
Changes in regional planted corn acres from “no climate change baseline”
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See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
Source: USDA, Economic Research Service calculations.
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Figure 10
Changes in regional planted wheat acres from “no climate change baseline”
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See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
Source: USDA, Economic Research Service calculations.

The Corn Belt also showed the smallest change in wheat acres (0.4 to

2.4 percent). The Lake States and Corn Belt increased wheat acres in all
scenarios; all other regions showed both increases and decreases across
scenarios. Climate change induced soybean acres to move into the Northern
and Southern Plains (see fig. 11). Once again, the Corn Belt showed the
smallest range in soybean acreage change (-5.6 to 0.8 percent); by contrast,
change in soybean acres in the Delta region ranged from -19.2 to 11.4 percent.

Corn acreage increased in the combined Northern regions (Corn Belt, Lake
States, Northern Plains, and Northeast) in all scenarios, while corn acres in

the combined Southern regions (Appalachian, Delta, Southeast, and Southern
Plains) declined in the ECH and CSIRO scenarios and increased in the CNR
and MIROC scenarios. The same relationship holds for wheat acres. Taken as a
group, the Southern regions were more sensitive to weather-induced yield change
than were the Northern regions. This trend was indicative of the larger range in
EPIC-derived yields in the Southern regions under the climate change scenarios.
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Figure 11
Changes in regional planted soybean acres from “no climate change baseline”
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Note: Soybeans not cultivated in Pacific and Mountain regions.
See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.

Source: USDA, Economic Research Service calculations.

Changes in Crop Prices and Regional Farm Revenue

Crop price changes were highly scenario-specific, although there were some
features common to the results. The CNR and MIROC scenarios led to higher
corn and soybean prices than under the baseline, whereas the CSIRO and ECH
scenarios generally resulted in lower prices (except for a small price increase in
soybeans in CSIRO) (table 7). Corn and soybean yields were lower in the CNR
and MIROC scenarios in all regions, while the CSIRO and ECH scenarios
showed increased yields in some regions. Wheat prices declined in all scenarios.
Wheat and corn prices were generally less sensitive to changes in climate than
soybean prices, mainly as a result of smaller projected sensitivity of wheat yields
to temperature and rainfall and the poor substitutability between wheat and corn
in the diets of livestock within REAP. While REAP’s existing diets reflect feed
combinations that historically have been used in the livestock sector, significant
feed price changes may induce changes within the livestock sector in popular diet
combinations. Our analysis did not capture that dynamic.

Climate change reduced returns to corn in all scenarios relative to the
baseline, although less so in the higher temperature/precipitation change
scenario, where price increases helped support producer revenue (table 8).
Because of the positive effect of climate change on cotton yields, cotton
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returns increased significantly in all scenarios. Returns to other crops
varied by scenario. Returns in the Corn Belt mimicked changes in precipi-
tation and temperature, whereas returns in other regions did not necessarily
mirror the same trend (table 9). The more extreme scenarios generally led
to lower returns, but not for all regions. Nationally, the milder scenarios

led to an increase in returns, whereas the more extreme scenarios led to

a decline in returns. From the perspective of crop returns, the Southern
Plains was the most robust, even though the regional change in acreage

was large compared with other regions. This result reflects the relatively
higher returns to cotton production under climate change, and the ability of
farmers in the Southern Plains region to reallocate production resources to
minimize the regional impact on profitability.

Table 7
Change in crop prices with adaptation relative to the “no climate
change” baseline

Crop ECH CSIRO CNR MIROC
Percent change

Corn 2.2 -2.1 3.7 6.0

Wheat -1.6 -5.9 -0.8 -1.0

Soybeans -3.5 0.3 7.6 22.1

See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.

Table 8
Change in annual returns to crop production from “no climate
change baseline”

Crop ECH CSIRO CNR MIROC
$ Million

Corn -742 -839 -33 -223

Wheat -10 332 -265 -456

Soybeans 1,361 -180 -2,772 -3412

Cotton 1,135 1,081 1,474 1,266

See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.

Table 9
Change in annual returns to crop production from “no climate
change baseline”

Region ECH CSIRO CNR MIROC
$ Million
Corn Belt -1,114 -2,165 -2,112 -4,053
Delta 904 167 -521 -146
Lake States 41 902 1,001 -37
Northern Plains 1,256 1,671 -914 255
Southern Plains 418 322 7 681
U.S. total 3,619 2,165 -332 -1,465

See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.

26
Agricultural Adaptation to a Changing Climate: Economic and Environmental Implications Vary by U.S. Region / ERR-136
Economic Research Service/USDA



Changes in Environmental Qutcomes

Shifts in crops and production practices as a result of climate-induced
changes in crop yields will have an influence on the environmental impacts
associated with agricultural production. Changes in total acreage, in tandem
with the redistribution of crop rotation/tillage practices, will affect regional
soil and water quality through nutrient loss and soil erosion. Increases in
environmental impacts caused by acreage expansion in one region may

not be offset by acreage decreases in other regions, resulting in aggregate
national increases in water quality impacts. Table 10 depicts the changes in
nitrogen loss (leaching and runoff to ground and surface water) and rainfall-
related soil erosion (specifically sheet and rill erosion) compared with the
baseline, along with the change in U.S. planted acres. Total nitrogen lost to
water (measured as nitrogen deep percolation and runoff at the field edge)
increased in all scenarios, which follows from the general increase in acreage
nationally. Increased nitrogen loss was not uniform across the country, with
the MIROC scenario resulting in the most widespread changes (fig. 12). The
Corn Belt, Northern Plains, and Southeast regions all increased nitrogen lost
to water in all scenarios.

Soil lost to water erosion also increased in all but the ECH scenario, and this
measure was generally less sensitive to climate scenario than the measure
for nitrogen loss to water (table 10). Changes in the Corn Belt and Northern
Plains dominated the national erosion change, as a result of shifts in crop
rotation and tillage and an increase in planted acres (fig. 13).

How Farmer Adaptation Affects Measured Impacts
of Climate Change

In the no-adaptation case, farmers did not adjust production decisions in
response to changes in expected yields across crops. As a result, regions may
overplant crops whose returns have declined relative to other potential crops,
while underplanting crops that have become relatively more profitable. In the
adaptation case, in contrast, farmers adjusted their land use, crop rotations,
and tillage regimes in response both to changes in climate and adjustments
in market conditions resulting from climate effects. Below, we examine how
incorporating farmer adaptive response to climate change affects measured
economic and environmental impacts.

Table 10
Change in total U.S. planted acreage and select environmental mea-
sures with adaptation relative to the “no climate change” baseline

Environmental measure ECH CSIRO CNR MIROC
Percent

Total acreage 0.6 0.6 0.2 1.0

Nitrogen loss to water 1.4 15 21 5.0

Sheet and rill erosion -0.9 0.6 0.9 1.2

See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
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Figure 12

Regional change in total nitrogen loss to water from “no climate change baseline”
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See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
Source: USDA, Economic Research Service calculations.

Regional Shifts in Planted Acreage for Selected Crops

Adaptation includes the various strategies farmers use to adjust their produc-
tion decisions (e.g., shifts in crops or crop rotations) in response to absolute
and relative changes in yield and management costs. Figure 14 illustrates

the redistribution of planted acreage that resulted from adaptation for this
analysis. In most region/scenario combinations, adaptation led to an increase
in corn acreage (fig. 15). Failing to adapt (no adaptation case) restricted

the supply of corn, which led to higher consumer prices. When farmers are
permitted to adapt, they respond to high corn prices by changing production
in favor of corn. Thus, farmer behavior can moderate climate change impacts
on production by diverting productive resources to crops whose loss most
negatively impacts other farm-sector stakeholders.

Changes in Crop Prices and Regional Farm Revenue

Although national welfare (the sum of economic benefits to consumers plus
benefits to producers) increases when farmers have the flexibility to adapt,
the benefits of adaptation differ across regions and between consumers and
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Figure 13
Regional change in sheet and rill erosion from “no climate change baseline”

W -44.2% to -35.7% Ml -35.7% to -27.2% Ml -27.2% to -18.7% [ -18.7% to -10.2% [1] -10.2% to -1.7% [_] -1.7% to 6.8% M 6.8% to 15.3%

See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
Source: USDA, Economic Research Service calculations.

Table 11
Price difference from “no adaptation case” to “adaptation case,”
by crop

ECH CSIRO CNR MIROC

Percent change

Corn -3.2 -3.2 -3.6 -3.9
Sorghum -1.1 -1.8 -1.1 -1.2
Barley 2.1 2.6 -1.6 -2.9
Oats -0.6 -0.4 -8.7 =71
Wheat 0.2 -3.0 -0.7 -0.6
Rice 0.0 -0.3 -0.4 -0.3
Soybeans -0.6 -0.1 0.7 1.9
Cotton -8.2 -5.5 -5.7 -9.0
Silage 0.9 0.7 0.5 0.3
Hay 0.3 0.6 0.5 0.8
See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.
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Figure 14
Regional change in total acreage, from “no adaptation case” to “adaptation case”
CNR
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See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.

Note: Figure 14 is identical to figure 8 because production acreage is fixed in the “no adaptation case” at the level of production acreage
in the “no climate change baseline”.

Source: USDA, Economic Research Service calculations.

producers. Consumers generally benefited from the process of adaptation.
Prices (a measure of consumer benefit) were generally lower if all farmers
adapted (table 11), which moderated consumer expenditure impacts of
climate change and increased consumer welfare measures relative to the case
where adaptation was not permitted.

Producers were not necessarily better off as a result of adaptation, however.
For some regions, nationwide adaptation led to lower returns relative to not
adapting by, for instance, driving down the price of a major crop in that
region. Returns to crop production in the Corn Belt did not benefit from
nationwide adaptation (table 12); this is the consequence of smaller acreage
changes in the Corn Belt relative to other regions combined with the lower
prices that resulted from adaptation.

Changes in Environmental Qutcomes
Table 13 illustrates the consequences of adaptation with respect to selected

environmental measures when compared with the fixed-acreage, no adapta-
tion case. The percent increase in nitrogen loss was greater than the change
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Figure 15
Regional change in corn acreage from “no adaptation case” to “adaptation case”
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See table 4 for the sources of the CNR, CSIRO, ECH, and MIROC models.

Note: Figure 15 is identical to Figu