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Introduction

Agricultural production has always been closelkdid with, and vulnerable to, trends in weatheraAs
result, agricultural production enterprises andficas have adapted to local climatic conditioms] a
farmers have developed strategies for respondifactd weather variability. Corn farmers in the €or
Belt push back planting dates in response to asspritig, for example, and may switch to soybean
production if persistent wet weather delays coamfihg excessively. During extremely dry periods,
farmers in the Plains States may increase moistomeerving tillage practices, such as no-till, e,
and mulch-till (Ding, 2009). Local strategies foeather adaptation are based on years of producer

experience and farming-system research specifiegional conditions.

The range of local weather conditions that has esthéipe current structure of domestic agricultural
production, however, is changing in response tadshifts in general climatic conditions across the
country and around the world. General climatic ¢omas have adjusted slowly throughout the 20th
century, with global average temperature increasiBglegrees Fahrenheit (°F) (IPCC, 2007). As
atmospheric concentrations of carbon dioxide {G@ve increased, the rate of temperature increase
appears to be accelerating, and recent climate Impdedict further warming trends over time thatyma

have a significant impact on local temperature nedipitation patterns.

Agricultural productivity, and the degree to whiatther inputs (such as fertilizer, pesticides, and
irrigation) are needed to augment production, dd@egreat deal on local climate conditions. Inoesas
average temperature, changes in precipitationsrpattand increases in the frequency of extreme
weather events would significantly alter local protion environment, through the distribution of gro
yields, crop acreage planted to different cropggmee on dryland and irrigated production systeans
the geographic range and severity of pest outbré&ztkanges in water availability for crop production

will be an important factor affecting regional amgikural production. Shifting precipitation patterim



combination with warming temperatures may incraester scarcity in some regions, intensifying
competition for water currently used in agricultureother areas, increased soil-moisture avaitgbil

may increase opportunities for agricultural produrct

Agricultural systems respond to the changing prédoenvironment associated with climate change
through the process of adaptation. The Intergovenal Panel on Climate Change (IPCC) defines
adaptation as the “adjustment in natural or hunyatems in response to actual or expected climatic
stimuli or their effects, which moderates harm xpleits beneficial opportunities” (IPCC, 2007).
Agricultural systems can adapt to climate changeratmber of levels, from national level investnsant
agricultural research and development, climatecstng, or infrastructure to behavioral adjustraerit
individual farm households. Smit and Skinner (2082janize agricultural adaptation options withinrfo
interdependent categories:

» Technological developments;

* Governmental programs and insurance;

» Farm production practices; and

e Farm financial management.

While adaptation may take many forms throughoufaine economy, this report focuses specifically on
the potential for adaptation at the first leveltesponse—farmer behavior. Adapting to changing
conditions is nothing new for farmers; they regiyladapt to changes in crop demand, new technabgic
developments, farm policy provisions, land develephpressure, and, most significantly, weather
variability. The question we address is how chargetimate that affect yield expectations will
influence land-use, agricultural markets, produegurns and agriculturally-induced changes to the

environment.



Changes in individual farmer behavior in respowseitmate change may include, but are not limited t
growing different crops or crop varieties; adjugtjplanting and harvest dates; altering input useh s1s
applied fertilizers, pesticides, and water; adaptiew production methods; expanding planted acreage
or abandoning farming altogether. How individuahfars respond to changing conditions is a funation
each farmer’s location, resource endowment, econamentives, and knowledge of alternatives. While
farming enterprises are likely to adapt in some teeshifting climate conditions, the costs and igshe

of adaptation may vary considerably depending erfahm’s location, the crops grown, and other fiescto

that differ across operations.

Similarly, regional impacts of changing climatelwibt be homogeneous; some regions may see an
improvement in crop growth potential, while otheray face declining. An analysis that focuses
exclusively on the average effect of climate chamg@ational production, commodity and food prices,
and agricultural trade would mask important regiatiféerences. Climate change that alters the inadat
profitability of regional crop production may retlibute production and resource allocations across
regions, with significant implications for produdéacome, resource use, and environmental quality.
Assessing the potential impact of climate changtherl.S. agricultural sector requires the abittity
differentiate among regional impacts and allowddaptive behavior that results in shifts within and

across production regions in response to chandimgie regimes.

Individual farmer decisions, when aggregated tongagonal level, will have consequences on agticalt
markets through production levels, trade, and prav& on resource use that affects environmental
quality. Production adjustments may involve charigegygregate land under cultivation; regional
cropping pattern shifts, including movement of @apto areas not historically cultivated; changethie
distribution of regional crop rotations; and chasgetillage practices and fertilizer use. Thisdstu

explores the regional and national implicationsud¢h farm-level adjustments for agricultural masket



and environmental quality and the net effect ohsadjustments on the projected impact of climate

change on U.S. agriculture.

Modeling and measuring the impacts of climate ckamgagriculture has been an active research topic
over the past two decades (Adams and McCarl, 286ams et al., 2001; Reilly at al. 2002). Studies to
date have featured the broad aggregate implicatiagriculture, and little attention to the spiecdf

crop production in the U.S. This study is amormfttst to explicitly measure land use change at a
regional level and the consequential environmeantphcts of adaptation to climate change, and to

compare the costs and benefits of adapting to thbfgling to adapt.

Scope of the Research

This paper focuses on the following questions:

» How might farmers adjust land-use and land-managerdezisions when faced with a new
production regime shaped by climate change, and areathe implications for regional
expansion and contraction of cropland?

» How might negative impacts, such as higher prioeohsumers, lower incomes for farmers, and
intensification of environmental consequences baaed or eliminated through adaptation to
climate change?

» How might agriculture's response to climate chang®ct soil and water quality?

We explored climate change’s impacts on agriculéune the potential for, and possible constraints to
adaptive behavior that addresses those impactsj@untitative modeling analysis then empirically
examined the implication of altered climate regimmagproduction patterns and market conditions
projected to occur by the year 2030. The quantgatiethodology consisted of two phases:
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» PHASE I. We first established a baseline scen&@b dassumes the current climate will prevalil
through 2030. The “no climate change scenario’btistees a baseline pattern of rotation
acreages that meets a projected set of yield, ptiodh) price, and acreage measures under a set
of “current” weather conditions, as measured bawarage of weather conditions between 1950
and 2000. The Environmental Productivity and Indéggd Climate (EPIC) model linked
projections of future climate conditions to croplgis and other biophysical indicators. Since
future climate projections are highly uncertain, employed climate projections from several
models to capture a range of possible climate ooéso

* PHASE Il: The Regional Environment and Agricultéh®gramming (REAP) model was first
used to examine regional crop and livestock pradagctnput use, cropping practices, economic
returns, and environmental quality based on pregettSDA market and production conditions
under constant climate conditions (i.e., no clin@tange). REAP was then used to examine how
production, market, and environmental measuresveehiader the climate change scenarios. To
isolate the effect of adaptation, we examined mitial cases assuming climate change: one
where farmers are not allowed to adapt by adjusting acreage or production practices, and a
second where farmers can choose crop acreagepnotabice, and tillage in response to climate-

induced changes in crop yields.

This research focused on agricultural productiotheéUnited States. Our purpose was to illustrate
possible regional impacts of climate change withmUnited States and to explore the potential for
existing and proposed production technologies bwthitigate negative impacts and to take advantdige
beneficial impacts of regional shifts in relativeg yield. We recognize, however, that ecosysternssa
the globe will be affected by climate change, pigtéadditional pressure on international markets and
agricultural production systems worldwide througiareges in commodity demand, trade patterns, and
broader economic conditions. This study does npli@tty incorporate international market changetoi

its analysis.



While REAP’s strength lies in the specificationcodp production detail for major commodity crope t
model’s structure also allows for a limited setidfptation behaviors within the livestock sectdre T
model permits livestock producers to change whayt teed livestock, for instance, by switching bedwe
diets to minimize the costs associated with proxgdor livestock’s nutritional needs under the mavee
regimes associated with climate change. The flityiluif such changes, however, is limited to a pre-
existing spectrum of historically observed dietiops. New grains, feed meals, and feed combinations
that historically have not been used are not iregllid the set of livestock diet options. Furthereqdhe
impacts of climate change on the livestock seatiimited to those experienced indirectly throdgéd
markets and increased competition for pasture ldmedmodel does not capture the direct impacts of
climate change on livestock productivity and prddhrccosts, such as those associated with climate

control costs for confined livestock production Kand Sneeringer, 2011).

Climate Change and Agricultural Impact Analysis

Regional Environment and Agriculture Programming (REAP) Model

The Regional Environment and Agriculture Programgr(REAP) Model is a mathematical optimization
model that quantifies agricultural production atsdaissociated environmental outcomes for 50 “REAP”
regions as defined by the intersection of USDA FBroduction Regions (defined by State boundaries)
and Natural Resources Conservation Service (NR@8)l Resource Regions (defined by predominant
soil type and geography) shown in figure 1. REARe®for regional acreage and production levels for
10 crops and 13 livestock categories and natiomalyztion levels for 20 processing sectors that oel

crop and livestock inputs. REAP explicitly modedgional differences in crop rotations, tillage ices,

and input use, such as fertilizer and pesticidéhofigh crop patterns are solved for at the REAffore



level, results are aggregated to USDA's Farm PriboludRegions (bold lines in fig. 1) for presentatio

this study.

Each REAP model region includes a set of availatie rotations that are implemented using one of up
to five tillage practices. The combination of ragiootation, and tillage practice is referred tmas
production enterprise and represents the basi@finibp production economic activity in the REAP
model. A selection of regionally appropriate proiin enterprises was derived for each REAP region
from 1997 Natural Resources Inventory (NRI) datheWREAP solves for agricultural production
patterns under changed climate, technology, ocpaibnditions, acreage in each region is distrithute
among production enterprises based on an assessfieldtive rates of return arising from differesc

in yields, costs and returns, and further constichiny acreage distribution parameters that capture
historically observed patterns of production.

Baseline Output for 2030

To construct a baseline against which to comparéntipacts of climate change, REAP’s pattern of
production enterprises is calibrated to replicatggeted agricultural production conditions for 203
assuming constant climate conditions based onrghty average of climate variables calculated as a
monthly average over 1950-2000 (Hijmans et al. 5200his “no climate change baseline” scenario
assumes that technology and market conditionscaiitinue to change at historical rates, and hdlds t

suitability of a given region to produce crops dansaccording to a baseline set of weather canditi

Technology and market condition projections in 20@0e extrapolated from USDA’s annual agricultural
production and market indicator projections (USR2810). The USDA projections included estimates of
planted and harvested acreage, anticipated crigsyieade volumes, and market prices over a 15-yea
planning horizon (table 1). The projections asstimé agricultural policies remained constant arad th
improvements in crop yields grow at a fixed rateld estimates for the baseline case were calaltage

first running EPIC under the “current” weather citiotis. EPIC yields were then adjusted, using @-<ro
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specific adjustment factor, to meet projected ayengelds for 2030 to capture assumptions about
exogenous increases in crop productivity. The lr@es@lrojections do not consider the likelihood of
shocks to agricultural production from extreme \eabr changes in other economic conditions that

might affect exports, imports, or input prices,lsas energy prices, incomes, or exchange rates.

Characterizing the Study’s Climate Projections

There are various sources of uncertainty assocvaitbdgenerating estimates of future local weather
conditions suitable for agricultural production iagp analysis. Most significant among these are:
» The rate at which carbon and other greenhouse §@s#S) are expected to be emitted into the
atmosphere in the coming decades;
« The effects of that GHG accumulation on climateadyits and core average climate variables,
such as temperature, precipitation, and relativeidity; and
« Our capacity to downscale geographically coarseaaeeclimate projections into local
projections for temperature, precipitation, anceotvariables that reflect daily weather changes

across a finer spatial and temporal scale.

The IPCC Special Report on Emissions ScenariosGHBRES) addressed the first source of uncertainty.
The report defined several emissions scenariogéfiatt different sets of assumptions about global
population change, technology adoption, energy arsgt macroeconomic conditions. The uncertainty
surrounding carbon dynamics and climate responsdflected by a wide array of models that atternpt t
project future climate trends. These models-- gdradrculation models (GCMs)--differ from one aneth

in the numerical methods used as well as in theadpasolution at which climate projections aredma

As a result, different models may vary consideratith respect to predictions of the magnitude and

direction of precipitation and temperature charayegfven points or regions.



Each of the IPCC scenarios represented an estirhated path of C@Qemissions that can be used as
emissions input data into a GCM. Atmospheric,@®els are an important driver of many long-term
climate phenomena, so the various emissions sosnasult in different long-term climate projecson
This analysis used climate projections derived feogingle emissions scenario—the SRES A1B emissions

LT

scenario—which was designed to reflect “very raggdnomic growth,” “the rapid introduction of newdan
more efficient technologies,” and a balanced pbafof energy sources that included both fossildue
and renewable energy technologies (IPCC, 2007).SRES A1B emissions scenario represented a
middle ground between other illustrative scenaf@cause this research focuses on an analysis year
(2030) that occurs prior to significant divergeintemissions levels across the different scenarios,
sensitivity analysis of results across the diffel@missions scenarios was not considered a highityri

In contrast, the significant variability across GC&4ults using a single emissions scenario sugfjeste

need to explore climate projections across a numberodels to capture a range of possible climate

impacts arising from a single projected path ofssioins.

“Downscaling” refers to the process of translating large-scale climate information that emergesfr
GCMs into finer temporal and spatial resolutionefiéhare several methods available for downscaling
GCM output; the downscaled data used in this stuelg generated by Jones, Thornton, and Heinke
(2009). Each of the four datasets represents ofrgmta different GCM running the SRES A1B

emissions scenario (table 2).

Figure 2 shows the variation in mean annual maxirtemperature and precipitation change between the
base period and 2030 for each of the four climatgeptions across REAP. The Model for
Interdisciplinary Research on Climate (MIROC) reyated the most extreme change from the base
period, in that it demonstrated the largest tentpegancrease and the most negative precipitation

change. The Commonwealth Scientific and IndusRiedearch Organisation (CSIRO) and Max Planck
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Institute’s ECH scenarios represented the mildeshge projections; both predicted a similar rarfge o
temperature increases across REAP regions, b@hkescenario predicted slightly wetter conditions
relative to the CSIRO projections. The Centre Natlale Recherches (CNR) projection was highly
variable in both temperature increase and pretipitahange across the REAP regions and represanted
moderate national projection in terms of the sayef climate change predicted among the scenarios

considered.

While the magnitudes of shifts in maximum temperedudiffered across GCMs, regional patterns of
temperature impact were somewhat similar (figTBe models generally projected the most moderate
temperature increases in the West and Southeashargdsignificant temperature impacts in the Midwes
and Northeast. That pattern of impact was rougbhsistent with a composite of multiple IPCC model
simulations generated for North America, which pot¢d temperature increases from approximately 1
degree Celsius (°C) in the Southeast to more th@nr2Northern Canada, with intermediate values ove

the rest of the contiguous United States (USCC8882

In contrast to the consistent pattern of relateragerature impacts, there was little consistency in
precipitation-change projections across GCMs #)gSome regions exhibited an increase in
precipitation according to some models and a deergaprecipitation according to others. A few cewi
demonstrated a consistent direction of impact acno@dels; the Pacific Northwest exhibited an ineeea

in precipitation across all models, while the Tékesisiana region exhibited a decline in precipitat
across all models. Nevertheless, even regionsanithnsistent direction of impact exhibited a widege

of estimated magnitudes across GCMs. Becauseithacebasis with which to assign probabilities to
weather outcomes predicted across GCMs, crop yigddcts, adaptation potential, and aggregate system

impacts were calculated and presented independentiach of the illustrative climate projections.

11



Quantifying Climate Change Impacts on Crop Yields

Climate change is expected to impact crop growthdavelopment through a number of pathways. In
this analysis, climate change impacts on crop gieldre estimated using EPIC — a field-scale biophys
model that uses a daily time step to simulate grogvth, soil impacts, hydrology, nutrient cycling,
pesticide fate under various cropping systems, (gllgge, crop rotation, soil and nutrient managemh
and weather scenarios. A random weather generailbirtio EPIC uses the average monthly climate
information derived from the GCMs--minimum dailyrtperature (TMIN), maximum daily temperature
(TMAX), and precipitation (PRCP)--to generate daéynperature and precipitation patterns for sinealat

crop growth in each REAP region.

To represent a range of possible weather scerasgmxiated with each GCM'’s set of average monthly
estimates, simulation results were run 10 time2€@oyears, using a different random weather seed fo
each run. Results from the first 10 years of each(a total of 100 years) were discarded to minintie
impact of initial soil conditions on yield and erammental impact estimates. Results from the reimgin
100 years were used to calculate the average aielcenvironmental impact results associated with ea
production enterprise. Because variability estimébe future weather cannot be derived from either
original or the downscaled GCM climate output, Weather variability, and therefore the incidence of
extreme weather events, was held constant in tiailysis across the baseline and future weather

scenarios.

For each production enterprise, EPIC was useditalese a set of yield and environmental impact
measures associated with region-specific weatlsmastions and four sets of regional soils
differentiated by highly erodible, non-highly erbldi, with tile drainage, and without tile drainage.
calculate the impact of the climate change scesaniocrop growth in each region, the crop growth

parameters and geophysical process parametersnusSediC’s simulations were held constant across the
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estimates generated using the baseline climatdat@amrxland the projected climate conditions emeggin
from the GCMs. In moving from the baseline to thmate change projection scenarios, however, we
assumed that ground-level €€bncentrations increased from 381 parts per millggom) in the baseline
to 450 ppm across GCM projections. EPIC calculg#tedmpact of the increased atmospheric €ffect

using a nonlinear plant response equation with-spmzific parameters. The only other variables that
differed between the baseline and the climate ahgiald estimates were the Minimum Temperature,

Maximum Temperature, and Precipitation variables.

Quantifying the Impacts of Climate Change and Adapation Behavior using REAP

Climate-induced changes in agricultural producti@mne assessed by substituting into REAP the yield
and cost estimates for production enterprisesweat estimated in EPIC using new, regionally vdeab
climate conditions associated with climate protdi Yield estimates were again adjusted (by theesa
crop-specific adjustment factor) to account forgamous increases in productivity up to 2030. Bezaus
climate change affects crops and regions diffeyetite relative productivity and economic value of
regional production enterprises will change untlergrojected climate scenarios. Production entpri

that are economical under one climate regime mab@@conomical under another.

Our analysis showed that in each climate changeasite several historically established crop rotadi
were no longer economical to employ, possibly beedhe enterprise was marginally economical in the
baseline and was sensitive to climate -inducedgésmm yield or price. Another economic driver niey
that changes in other crop yields and/or pricesenth&m more favorable to produce and force out crop
rotations that do not experience improved yieldmoreased prices. Optimizing agricultural prodoicti
levels and patterns under projected climate camtiitproduced a new pattern of production enterprise
that reflected changes in regional production kMvekluding shifts among crops, crop rotatioagde

used, and expansion or contraction of cropland.
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Quantifying the Agricultural Impact of Climate Chan ge and the Potential for

Agricultural Adaptation

Applying information about the yield impact of cle change across projected production pattertiein
United States is a straightforward, if naive, apptoto estimating the potential economic impact of
climate change. This method assumed an unredlistice in which farmers’ yields and returns are
affected by climate change, but farmers fail topadiaeir production decisions to changing climate
conditions. Nevertheless, illustrating just sudtanario allowed us to visualize regional and crop
differences in the biophysical impacts of climatarge and, as described later, to differentiatagés

that take place in the agricultural sector dueidphysical impacts from dynamic behavioral adaptati

Previously, we illustrated a “no adaptation” casd then provided the results of a more comprehensiv
assessment of climate change impacts, incorportit@gmpacts of farmer adaptation decisions in
determining production and price patterns undenghd climate conditions. A comparison between the

“no adaptation” and “adaptation” cases illustratesbenefits of adaptation.

Climate Impact Analysis: No Adaptation

“No adaptation” case results were derived by inpgthew yield numbers into REAP but prohibiting the
model from adjusting projected 2030 baseline a@gtitage, or rotation allocations to crop prodoist
activities in response to the new climate-adjugteltis. REAP then used the baseline (i.e., no ¢éma
change) production patterns, together with thesadgliyield and environmental impact information, to
calculate crop production, farmer income, priceaatp, and environmental impacts under each future
climate scenario. Note that, for this case, REARiahted farmer adaption but retained the flexipitd

adjust the livestock sector, most notably with ez$ppo its demand for feed grains, in responséémged
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production and prices patterns. Changes in natigiald by crop due to climate change, assuming no

adaptive behavior on the part of farmers, are shiavigure 5.

These crop yield averages reflect the average ingfatimate change on individual production
enterprises (i.e., region/rotation/tillage combioas) weighted by the amount of crop acreage ih tha
production enterprise, which remained constantsactioe climate projections in this case. Several
interesting climate effects on crop productivitg avident here. Climate change impacts were most
negative for corn and soybean productivity, thotighleast extreme scenario (ECH) produced an
increase in crop yields for both. Several othepsrexperienced crop productivity increases for some
all of the scenarios, though the yield increases@ated with the more extreme climate change sicena
(MIROC and CNR) were generally lower than thos®eiséed with the milder scenarios (ECH and
CSIRO). While the impact of any temperature inceeaas generally negative, positive crop produgtivit
impacts can arise both from beneficial precipitatibanges (increases in water-constrained regans)
from the CQ fertilization effect projected when atmospherichom concentrations increase from 381 to
450 ppm. For several crops, the latter positiveat$f outweighed the negative temperature-relatst{o

for some or all of the projected climate projecsion

Aggregating crop productivity impacts at the nagidevel, however, masked considerable variabitity
both crop productivity by region under the baseéind in regional impacts on productivity under the
climate change scenarios. Disaggregating the sefrlttorn to the level of the farm production wagi
produced the results shown in figure 6. While thedpctivity results for the Corn Belt drove thetpat

of national averages shown in figure 5 (becaus€tira Belt accounted for 53-56 percent of U.S. corn
production under these scenarios), there weremabdifferences in corn’s response under a given
climate scenario. In some regions, one or bothehtilder climate change scenarios actually ine@as
corn yields. Furthermore, corn production increaseder even the extreme climate scenarios in the

minor corn-producing regions of the Pacific and Mi@in States and the Southern Plains region. A
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portion of corn production in those regions isgatied and, therefore, less sensitive to precipitdtisses

from climate change but also mildly responsiveadbon fertilization gains.

In a situation with fewer interacting parts, priesults might mirror productivity results; wheninagl
average crop productivity decreases (increasespribe of that crop increases (decreases) (figsirice

crop and livestock markets are integrated, howetier simple dynamic did not play out for sevenmralps

and climate scenarios. Because corn prices go epdry scenario, there was always an incentive to
substitute away from corn in livestock diets, whings implications for the price of other grains éeetl
meals. The significant corn price increases inGhER and MIROC scenarios, in particular, appeared to
pull up soybean, oat, sorghum, and barley pricespite field productivity increases for some ofsno
crops. Productivity, and therefore supply, of datseased under every scenario, but prices alseased
under all but the ECH scenario. Similarly, barlestébstitutability with the other feed grains indstock

diets led to increased barley demand and a denmahated price increase under the MIROC scenario that

persisted despite increasing supply.

The productivity impacts illustrated in this sedati@flect only EPIC’s yield-change calculationsdzhson
changing climate conditions, while the price imgaefflect a limited set of interacting demand-and-
supply forces across agricultural sectors. Prajggtiotential climate change impacts on the agriceilt
sector, however, requires a more comprehensivesisdb capture how farmers may respond to
biophysical impacts in their crop production demis. In the following sections, we discuss how fnsn
might adapt to the biophysical impacts of climdtarge and the implications of such production
adjustments for aggregate crop production, pri@gscultural acreage, and a suite of environmental

indicators under changing climate regimes.
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Climate Change Impacts When Farmers Adapt Crop Rottons, Tillage, and Land-

Use Decisions

The economic value of planting specific crops iohesegion changed in response to the new production
conditions, since yields and costs did not chamgfumly in magnitude or direction for all regioirs

our scenarios. In some regions, adaptation to tiirdlaange resulted in reduced planted acreages whil
planted acreage in other regions increased. Rdgiooduction effects reflected both changes indyiel
and planted acreage. Differences in productionideweupled with demand response to substitutesgrop
in turn drove changes in crop prices. The combamadif changes in acreage, yield, and price infladnc
the degree to which farm revenues responded igiarreln this section, we report results from tHeAR
model that describe the economic and environmémizdcts of the climate change scenarios on U.S.
agriculture, taking into account how farmers majysidtheir crop and tillage decisions. The resaits

shown relative to the baseline projection (assumimglimate change) for U.S. agriculture in 2030.

Regional Shifts in Planted Acreage for Selected Cps

Each of the four climate change scenarios demdedtesmall increase in planted acreage compared
with baseline acreage levels (fig. 8). The totabage change, though relatively small compared thigh
baseline acreage, was composed of changes inrtbegacplanted to individual crops. The individual
crops showed a much wider range across climategehsaenarios, following differences in productivity
and regional redistribution (table 3). Corn acreséased in all scenarios, reflecting the declineorn
yields illustrated earlier and the need for addiiicacreage to compensate. Response of other crops
varied by scenario, with the ECH and CSIRO scesasfimwing a reduction in wheat acres that
corresponds to the larger wheat-yield increaséisese scenarios. Soybean acres declined in thea®dR
MIROC scenarios; despite higher soybean pricegaaer decline likely reflects a decrease in theivela

returns to soybean production arising from theificant yield decline under the comparatively warme
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climate scenarios. The corresponding corn priceeamse in the MIROC scenario keeps soybean acres

from declining further as soybeans are often preduo rotation with corn, particularly in the Cdelt.

Even though total U.S. acreage planted increasall #tenarios, no individual region showed anéase
in planted acreage across all scenarios. Whilg@dhation in total acreage change was small across
scenarios from a national perspective, the regitwsved different degrees of response. Acreageein th
Corn Belt was the least sensitive to climate chang#h total changes ranging from -2.7 to 1.4 petctn
contrast, the Delta region showed a range of chaatygeen -9.8 and 5.0 percent. The sensitivity to
change reflects the capacity of the region to egoeally shift to a different crop mix, indicatingap

and production practice substitution possibilites the larger regional yield changes relativénéo t

national changes for each crop.

Figures 9 to 11 illustrate the change in plantedage by climate change scenario for the threemmajo
field crops (corn, wheat, and soybeans). As withrthtional total, corn acreage in the Corn Belt thas
least sensitive (-1.3 to 1.1 percent). For eadh@bther regions, at least one scenario demoedtedt
least a +/-10 percent change in acreage from tbeliba. The Southern Plains increased corn acieage

all scenarios, with the Delta and Pacific regicgthucing corn acres in all scenarios.

The Corn Belt also showed the smallest change #atvhcres (0.4 to 2.4 percent). The Lake States and
Corn Belt increased wheat acres in all scenarlbstler regions showed both increases and desgease
across scenarios. Climate change induced soybeas tacmove into the Northern and Southern Plains
(fig. 11). Once again, the Corn Belt showed thelwsiarange in soybean acreage change (-5.6 to 0.8

percent); by contrast, change in soybean acrdmibelta region ranged from -19.2 to 11.4 percent.

Corn acreage increased in the combined Northeiong@Corn Belt, Lake States, Northern Plains, and

Northeast) in all scenarios, while corn acres endbmbined Southern regions (Appalachian, Delta,
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Southeast, and Southern Plains) declined in the BEZHCSIRO scenarios and increased in the CNR and
MIROC scenarios. The same relationship holds faeatlacres. Taken as a group, the Southern regions
were more sensitive to weather-induced yield chahge were the Northern regions. This trend was
indicative of the larger range in EPIC-derived giein the Southern regions under the climate change

scenarios.

Changes in Crop Prices and Regional Farm Revenue

Crop price changes were highly scenario-specifiocpagh there were some features common to the
results. The CNR and MIROC scenarios led to higloen and soybean prices than under the baseline,
whereas the CSIRO and ECH scenarios generallytegsinl lower prices (except for a small price
increase in soybeans in CSIRO) (table 4). Cornsaythean yields were lower in the CNR and MIROC
scenarios in all regions, while the CSIRO and ECéharios showed increased yields in some regions.
Wheat prices declined in all scenarios. Wheat amd prices were generally less sensitive to chamges
climate than soybean prices, mainly as a resudtri@ller projected sensitivity of wheat yields to
temperature and rainfall and the poor substitlitgliibtween wheat and corn in the diets of livelstoc
within REAP. While REAP’s existing diets reflecef combinations that historically have been used in
the livestock sector, significant feed price changlso may induce changes in popular diet comloinsti

as an adaptive response by the livestock sectara@alysis did not capture that dynamic.

Climate change reduced returns to corn in all stemeaelative to the baseline, although less shén
higher temperature/precipitation change scenafi@revprice increases helped support producer revenu
(table 5). Because of the positive effect of clienelhange on cotton yields, cotton returns increased
significantly in all scenarios. Returns to otheyps varied by scenario. Returns in the Corn Belt
mimicked changes in precipitation and temperatwhesreas returns in other regions did not necegsaril
mirror the same trend (table 6). The more extrereearios generally led to lower returns, but notatb
regions. Nationally, the milder scenarios led taramease in returns, whereas the more extremeasosn
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led to a decline in returns. From the perspecth@ap returns, the Southern Plains was the mdsigstp
even though the regional change in acreage was tangpared with other regions. This result refléuts
relatively higher returns to cotton production undémate change, and the ability of agriculturetia

Southern Plains region to reallocate productionusses to minimize the regional impact on profitigbi

Changes in Environmental Outcomes

Shifts in crops and production practices as a tedulimate-induced changes in crop yields wil/ean
influence on the environmental impacts associai#id agricultural production. Changes in total agea
in tandem with the redistribution of crop rotatidlfdge practices, will affect regional nutrienskand

soil erosion. National increases in nutrient lcassed by acreage expansion in one region may not be
offset by an acreage decrease in another regidite Tadepicts the changes in nitrogen loss (legchimd
runoff to ground and surface water) and total smkion (wind, sheet, and rill) compared with the
baseline, along with the change in U.S. plantedsadrotal nitrogen lost to water (measured as ggtno
deep-percolation and runoff at the field edge)eased in all scenarios, which follows from the gahe
increase in acreage nationally. Increased nitréggnwas not uniform across the country, with the
MIROC scenario resulting in the most widespreadhgka (fig. 12). The Corn Belt, Northern Plains, and

Southeast regions all increased nitrogen lost temma all scenarios.

Soil erosion also increased in all scenarios, higdneasure was generally more sensitive to terhpera
and precipitation change than the measure forgetmdoss to water. The Corn Belt and Lake States
showed a wide range of erosion impacts over theasi®s, largely as a result of crop production ficac

shifts (fig. 13).

How Farmer Adaptation Affects Measured Impacts of dimate Change

In the no adaptation case, farmers did not adjustyzrtion decisions in response to changes in éggec

yields across crops. As a result, regions may plart crops whose returns have declined relative to
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other potential crops, while under-planting crdpest have become relatively more profitable. In the
adaptation case, in contrast, farmers adjusted ldr@ use, crop rotations, and tillage decisions i
response to both changes in climate and adjustritenmtarket conditions resulting from climate effect
Below, we compare how incorporating farmer adaptasponse to climate change affects measured
economic and environmental impacts with the modeine the potential for such adaptive responses is

ignored.

Regional Shifts in Planted Acreage for Selected Cps

Adaptation includes the various strategies farmsesto adjust their production decisions (e.gftshi
crops or crop rotations) in response to absoluteralative changes in yield and management costs.
Figure 14 illustrates the redistribution of plantemieage that resulted from adaptation for thisyaig In
most region/scenario combinations, adaptationdeghtincrease in corn acreage (fig. 15). Failingdapt
(no adaptation case) restricted the supply of aghich led to higher consumer prices. When farnaees
permitted to adapt, they respond to high corn primechanging production in favor of corn. Thusifar
behavior can moderate climate change impacts atuption by diverting productive resources to crops

whose loss most negatively impacts other farm sataieholders.

Changes in Crop Prices and Regional Farm Revenue

Although national welfare (the sum of economic Bigsiéo consumers plus benefits to producers)
increases when farmers have the flexibility to addqe benefits of adaptation differ across regiamg
between consumers and producers. Consumers ggrimra#fitted from the process of adaptation. Prices
(a measure of consumer benefit) were generallyrdivedl farmers adapted (table 8), which moderated
consumer expenditure impacts of climate changdrammdased consumer welfare measures relative to the

case where adaptation was not permitted.
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Producers were not necessarily better off as dtresadaptation, however. For some regions, natida
adaptation led to lower returns relative to notpdiahg by, for instance, driving down the price ahajor
crop in that region. Returns to crop productiothie Corn Belt did not benefit from nationwide
adaptation (table 9); this is the consequence aflemacreage changes in the Corn Belt relativather

regions combined with the lower prices that reslitem adaptation.

Changes in Environmental Outcomes

Table 10 illustrates the consequences of adaptaiithirespect to selected environmental measuremnwh
compared with the fixed-acreage, no adaptation. @& percent increase in nitrogen loss and soil
erosion was greater than the percent change iageia all scenarios, suggesting that climate ahang
adaptation induced crop production to shift inteasrmore vulnerable to soil and water-quality intpac
Climate-change induced crop reallocation, howesignificantly reduced nitrogen loss in the Pacéin
Mountain regions while resulting in small improventein the Southern Plains (fig. 16). Even the more
extreme scenarios showed regions where nitrogendieslined, despite a 2- to 4-percent increase in

losses nationally. Impacts on soil erosion followesimilar pattern to that of nitrogen loss (fi@).1

Conclusions

The biophysical impacts from climate change on gnapvth are both complex and uncertain. Although
temperature increases associated with climate eharegwidely expected to lower crop yields, shiftin
regional precipitation patterns may either increasgecrease yields. There has also been considerab
debate over the likely impacts of increasing atrhesic CQ concentrations on plant growth. Our
analysis suggests that the possible negative iatits of climate-induced yield effects on croesi,
farm revenue, and food supply can be mitigated sdratby farmers’ ability to adapt to changing
climatic conditions through crop production deaisiptechnologies used, and the regional allocatfon

land. There also may be increased environmentadtspassociated with expansion of cropland.
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Nationally, acreage in crop production was faidpust to climate change in the sense that aggregate
acreage changes across scenarios (compared withsbine projection) tended to be relatively small
(less than 3 percent), whereas the range for iddaliregions was typically greater than the nationa
range. This finding indicates considerable flexipivithin the U.S. farm sector to respond to chiagg
resource and market forces, resulting in produatatiocations that minimize the aggregate distucba

to commodity supply and demand. In this analysiajlable adaptation strategies included changing
crops, crop rotations, and tillage types, as wekxpansion or contraction of crop production ageea

Mild climate change led to a reduction in crop esicmore extreme climate change resulted in price
increases in some crops, most notably for soybead€orn. Adaptation led to an increase in crop
production, in general, though even with adaptatiom and soybean production declined under theemor

extreme climate projections.

Total acreage in U.S. fieldcrop production increkiseall climate change scenarios, although vamiesti

in yield changes across scenarios did not necgsgarislate into acreage expansion in all regi@wn
and cotton were the only crops that increased gerizaall scenarios. Higher atmospheric carbon
concentrations raised cotton yields considerabbyvigry region where cotton was grown. The incréase
supply, together with relatively elastic demaraljsed cotton prices to drop precipitously, fadititz
enough increase in demand to actually expand aeman though existing acreage was already more
productive. The corn yield effect was small refatio other crops across the scenarios, but higiadd
for corn raised corn acreage to compensate follekts. Corn acreage increased relatively more in
regions where corn was not the predominant cropp @istributions in the Corn Belt and the Northern

regions, in general, were less sensitive to clirshtage than in the Southern regions.

Price and production changes contributed to skiftégional returns to crop production. Returndin t
Corn Belt, where much of the Nation’s fieldcrop gwotion is concentrated, declined under all climate
change scenarios in proportion to the severityrojggted change. Farm returns nationally, however,
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increased under the two milder climate projectiovith losses in the Corn Belt compensated for by
increased returns in other regions as a resulhafges in price and production patterns. Our figslin
suggest that, for regions outside the Corn Belingles in crop returns did not necessarily corregpmn
the general magnitude of the temperature and ptatim change of the scenario. Changes in relative
productivity both across crops and within cropasregions, together with the resulting market-
mediated price impacts, appeared to be the pridegrminant of how any given region fared under

changing climate conditions.

Under most scenarios, changes in environmentatanalis of soil and water quality generally followed
acreage changes. Environmental impacts were afsitise, however, to changes in production prastice
Under several scenarios, the shift in soil erosiod nitrogen deposited to water were proportiogatel
larger than the total increase in cropped acrdadiating an increase in production intensityrfegions

where more severe environmental impacts were obderv

Analysis Limitations and Future Research

In exploring the implications of climate change floe U.S. farm sector, our analysis focused on the
yield-related impacts associated with increasetbned) average temperatures, varied regional chainges
average precipitation, increased carbon conceatratithe atmosphere, the expanded incidence td,pes
and the market-mediated price impacts that ariserasult of decentralized impacts and adaptive
responses. The GCM results used to drive our ciimlaainge projections did not allow us to estimate
changes in the variability of daily temperature anecipitation, but other studies suggest that gharin
volatility of weather parameters—including incrediggcidence of extreme weather events—may also be
a significant driver of yield and impact changesik(and Devadoss, 2006). By capturing only chamyes
average maximum daily temperature, minimum daitygerature, and precipitation, our EPIC results

may underestimate the full yield impacts expectethfchanges in those climate conditions.
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Furthermore, direct yield impacts represent onpadial, if important, subset of the climate change
elements likely to impact farmers. Other atmosphigtors, such as ground-level ozone, which is
expected to increase in tandem with increasing €flssions, may have significant agricultural intpac
and may influence the incentives and constrairgsfdtrmers face in responding to a changing climate
The potential impacts of climate change on the lsugpd costs of agricultural inputs, such as land,
energy, fertilizer, water, and labor, would alsteeff relative returns to different types of prodoctand
would possibly create region-specific constraimtsh® adaptive strategies available to farmersh Suc
considerations were beyond the scope of this aisal{doreover, our research focuses on the potentia
for adaptation within the U.S crop sector, withaatigular emphasis on major field crops. We ditl no
consider specialty crops — fruits, vegetables,emyrsrops, and other specialty crops — which accfmun
an important share of the value of U.S. agricultpraduction. We recognize, however, that climate
change can have an important bearing on resounpg®ring specialty crop production as well. The
model did consider livestock sector impacts throcigdinges in feedgrain markets, although we did not
capture the full range of substitution of feed adjents that may occur due to climate change. ditbr
we explicitly model the effects of climate changeamimal productivity and other aspects of livektoc

management costs.

Our analysis also was limited in the range of aataqu strategies available to farmers that could be
examined within the existing modeling framework.AEevaluates adaptation strategies related to
changing crop patterns and practices, but exigtioguction enterprises in the model did not allow f
other farm-level adaptation strategies, such asgihg harvesting and planting dates or the timimg a
magnitude of applied irrigation or fertilizer. Susthategies are common responses to weather \yiabi
and will be an important element in farmers’ adptaresponses. The potential for, and constramts
expanding irrigated acreage and water use maypaetiaularly significant factor in adaptation strgies
for the Western and the Southeastern regions, where is already significant competition for water
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resources. REAP does not currently allow for anyaigof shifting irrigation patterns within U.S.
agriculture; however, such modifications are undsrand will inform ongoing ERS research related to

climate adaptation.
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Figure 1
REAP model regions and USDA Farm Production Region s

Note: USDA’s Farm Production Regions are outline in bold black line.
Source: USDA Farm Production Regions and the Natural Resources Conservation Service (NRCS) Land
Resource Regions



Table 1
Baseline production and market projections for 2030

Production
(million
Planted Harvested bushels, Harvested Price
acres acres except as yield (dollars)
Crop (million) (million) noted)
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 1.3 192 715 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 3829 51 9.3
Cotton® 11.5 10.2 21.495 2.125 333.6

'Rice units measured in million cwt, or hundredweight.
% Cotton units measured in million 500 pound bales.
Source: Paul Westcott, personal communication, 2011.

Table 2
General circulation models adopted for use in this study
Model name Label Institution Reference

Centre National de Recherches
Meteorologiques (CNRM), Meteo France,
CNRM-CM3 CNR France Déqué et al. (1994)
Commonwealth Scientific and Industrial
Research Organisation (CSIRO) Atmospheric

CSIRO-Mark 3.0 CSIRO  Research, Australia Gordon et al. (2002)
Max Planck Institute for Meteorology, Roeckner et al.
ECHam5 ECH Germany (2003)

Center for Climate System Research

(University of Tokyo), National Institute for

Environmental Studies, and Frontier Research K-1 Developers
MIROC 3.2 MIROC Center for Global Change (JAMSTEC), Japan (2004)




Figure 2
Estimated change in mean annual maximum temperature and precipitation for each REAP
production region under the four climate change sce narios
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REAP=Regional Environment and Agriculture Programming.
Source: USDA, Economic Research Service calculations and Jones, Thornton, and Heinke, 2010.



Figure 3

Change in mean annual maximum temperature (degrees

climate change scenarios

Celsius), from the baseline under the four
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Figure 4
Change in annual precipitation (millimeters), from
scenarios

the baseline under the four climate change

[ECH - precipitation
(millmeters)

I 138210 1735
I 102810 138.1
[ leram1c27
[ Ja21wera

[ Jaswazo

[ ]s8rt034
[ 74110388

I -109.4 10 -74.2
[ -144510-108.5

CNR - precipltation
(millimeters)
I 138210 1735

I 102810 136.1

uuuuu

110-388
I -108.4 t0 742
Bl -144.910-1085

CSIRO - precipitation
(millmetors)
138210 1735

I 102810 138.1
Ao 102.7

I -109.4 10 -74.2
I 1448101085

MIROC - precipltation
(millmeters)
2

Il 138210 1734

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




Figure 5
Changes in national average crop yield without adap  tation, by climate change scenario
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Figure 6
Regional differences in national average corn yield without adaptation, by farm production region
and climate change scenario
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Figure 7
Price changes relative to the “no climate change ba  seline,” by climate change scenario
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Figure 8

Changes in total regional planted acres from “no cl  imate change baseline”
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Table 3
Total U.S. acreage change, by climate adaptation sc  enario
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 1.4 1.0 -2.8 -1.8
Other crops -0.1 -1.5 -0.2 0.5

Figure 9
Changes in regional planted corn acres from “no cli mate change baseline”
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Figure 10
Changes in regional planted wheat acres from “no cl imate change baseline”
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Figure 11

Changes in regional planted soybean acres from “no
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Table 4

Change in crop prices from “no climate change basel ine”
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
Table 5
Change in returns to crop production from “no clima te change baseline”
Crop ECH CSIRO CNR MIROC
Million dollars
Corn -742 -839 -33 -223
Wheat -10 332 -265 -456
Soybeans 1361 -180 -2772 -3412
Cotton 1135 1081 1474 1266
Table 6
Changes in returns to crop production from “no clim ate change baseline”
Region ECH CSIRO CNR MIROC
Million dollars
Corn Belt -1114 -2165 -2112 -4053
Delta 904 167 -521 -146
Lake States 41 902 1001 -37
Northern Plains 1256 1671 -914 255
Southern Plains 418 322 7 681
U.S. total 3619 2165 -332 -1465
Table 7

Change in total U.S. planted acreage and select env  ironmental measures from “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 2.1 5.0

Soil erosion 0.3 2.2 4.3 7.7




Figure 12

Regional change in total nitrogen loss to water fro
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Figure 13
Regional change in total soil erosion from “no clim
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Figure 14
Regional change in total acreage, from “no adaptati  on case” to “adaptation case”
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Figure 15

Regional change in corn acreage from “no adaptation case” to “adaptation case”
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Table 8
Price difference from “no adaptation case” to “adap tation case,” by crop

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 -7.1
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 -55 -5.7 -9.0
Silage 0.9 0.7 0.5 0.3
Hay 0.3 0.6 0.5 0.8
Table 9

Direction of change in returns to crop production f rom “no adaption case” to “adaptation case,”
by region

Region ECH CSIRO CNR MIROC

Appalachian
Corn Belt
Delta

Lake States
Mountain

—
—

Northern Plains
Northeast
Pacific
Southeast
Southern Plains
U.S. total

B e T S T T e
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Table 10
Change in total U.S. planted acreage and select env  ironmental measures from “no ddaptation
case” to “adaptation case”

Environmental measure ECH CSIRO CNR MIROC
Million acres
Total acreage 1.8 1.8 0.8 3.2
Percent change
Total acreage 0.6 0.6 0.2 1.0
Nitrogen loss to water 4.2 4.0 1.7 3.6

Soil erosion 4.4 4.2 3.8 3.4




Figure 16

Regional change in nitrogen loss to water from “no
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Figure 17
Regional change in total soil erosion from “no adap tation case” to “adaptation case”

s .

(in acres)

ECH - total eroslon

(In acres)
Bl -19to-13percent I -19t0-13 percent
- -13 to -7 percent - -13to -7 percent
7to -2 percent 710 -2 percent
% -2to4 percent % -2to 4 percent P
[ ] 4to10percent [] 4to10percent
[ 10t016 percent I 10t0 16 percent
Bl 161022 percent Bl 161022 percent

CSIRO - total erosion MIROC - total erosion
)

(In acres) (In acres,
Il -19to-13percent Il -1 10-13 percent
I -13t0-7 percent I -13to-7 percent
[ ] -7to-2percent [ -7to-2percent
[ ] -2to4percent [] -2to4percent P
[] 4to10percent [] 4w10percent
I 10016 percent I 10016 percent
Bl 161022 percent Bl 161022 percent



