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Agriculture and Climate Change in the Southeast USA

For the southeastern agricultural sector, this chapter summarizes key vulnerabili-

ties and impacts; describes the characteristics and importance; analyzes current and
potential climate sensitivities and vulnerabilities; discusses uncertainties, summarizes
subregion-specific impacts and opportunities as referred to in the literature; explores
adaptation needs and opportunities; and concludes with recommendations for further
assessment and research needs. We have taken into consideration a range of studies
from within and outside the region to describe major impacts and likely projections for
climate change in this region, which covers southeastern states, except Puerto Rico and

the Virgin Islands.

Key Findings

Changes in precipitation extremes

» Drought is already a major stress for rain-fed crops in the Southeast (SE).
Drought impacts are projected to become more frequent and severe, especially
in the western part of the region, but there may be fewer droughts across the
northern tier of the region and in the mid-Atlantic. Both dryland and irrigated
agriculture will be further affected by drought as a result of greater irregularity
of rainfall distribution and increasing competition with other sectors for water

resources.

» Flood frequency likely will increase as a result of predicted increased numbers
and intensity of storms in some areas of the region. Floods cause direct damage
to crops, especially if they occur during fruit set or near crop maturity, as well
as indirect damage through soil erosion, leaching of nutrients, and loss of future

productivity.

Changes in temperature extremes

» High temperature stresses are predicted to become more frequent and damaging
to crops. Warm temperatures during the winter months reduce fruit set on blue-
berry, peach, and other crops that have a chilling requirement. These adverse
impacts can be partly offset through the application of growth regulators, but

such methods increase costs of production.

» Increasing summer heat stress will reduce crop productivity, especially if it

occurs during flowering and seed set and if it is combined with drought.

» Heat stress already limits production of dairy and livestock, especially during
summer months. An increased frequency of heat stress events will have the

potential to force some dairy and livestock production northward.

Changes in tropical storm strength

» Projected increases in strength of tropical storms likely will cause extensive
damage to nearly all agricultural systems, particularly when storms occur
during maturation and harvest. Wind damage to perennial crops is particularly

expensive and long lasting.

129



130 CLIMATE OF THE SOUTHEAST UNITED STATES

» Storm damage will negatively impact crops by reducing yield and crop quality.
In addition storms also damage agricultural land; product handling, storage,
and distribution systems; and equipment and buildings.

Increased atmospheric carbon dioxide

»  Atmospheric carbon dioxide concentrations have a direct benefit to photosyn-
thesis, especially for plants with a C, metabolism such as legumes, cotton, some
cereals and most vegetable and tree crops particularly when under drought
conditions. Many weeds also will benefit from increases in atmospheric carbon
dioxide concentrations resulting in increased production costs associated with
weed management.

7.1 Agriculture in the Southeast USA

The Southeast (SE) represents one of the most diverse agricultural production regions
in the USA (Figure 7.1). Agriculture is a major economic contributor to the region’s
economy and communities. Seasonal and spatial variability of climate conditions,
including rainfall and temperature distributions, soil types, and access to water for ir-
rigation have led to the development of a diverse and intensive agricultural sector.

The SE has a land area of 135 million ha, which is 14.9% of the USA total. Although
land use differs widely by county in the SE, 60% (about 79 million ha) is designated as
forest, which is about 30% of the total forest land in the USA. Cropland in the SE totals
about 21 million ha, which is about 15.7% of the region’s landmass and 13% of the total
cropland of the nation (Figure 7.1). Grassland pasture and ranges total about 11 mil-
lion ha, which is 8.3% of the land in the region and 4.5% of the grassland pasture and
ranges of the nation (Nickerson et al., 2011).

Diverse climate conditions, land-use options, access to water, availability of farm
labor, proximity to urban markets, distribution systems, and financial farm income
have led to large structural differences among the states and subregions. Beef cattle,
most of which is grazed on improved pastures; poultry; and swine are raised through-
out most of the SE. Georgia, Arkansas, and Alabama are the top three poultry produc-
ing states in the nation and North Carolina is the number two swine producing state in
the nation. Crops grown in the SE include soybean, corn, fruits, and vegetables. Peanut
and cotton are produced through most of the coastal plain from Mississippi to Virginia.
Florida is the nation’s largest producer of citrus and an important producer of sugar
cane and winter vegetables. In addition to the products already mentioned, the Delta
States also produce rice, sugarcane, and small grains. The Appalachian States are the
nation’s major producers of tobacco and horses as well as major producers of peanuts,
cattle and dairy (USDA-NASS 2012).

Within the SE, Alabama, Georgia, and Florida have the largest share of urban land
use, which is well above the national average. Kentucky, Tennessee, Virginia, and
North Carolina also have urban shares of urban land use above the national average
(Nickerson et al. 2011).

The SE produces more than $55 billion in agricultural products annually, account-
ing for more than 17% of the total annual USA production (Figure 7.1). Of the total SE
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annual sales, more than 50% are derived from animal production, with the top five
commodities consisting of broilers, eggs and chicken products, cattle and calves, hogs,
and dairy products (Table 7.1). Crops represent 40% of the annual production, and
include fruits and vegetables, soybeans, greenhouse and nursery products, corn and
cotton. The SE produces 66% of the nation’s broilers, 29% of the chicken eggs, 27% of
the turkeys, 50% of the aquaculture, 37% of the cotton, 62% of the peanuts, and 33% of
the tomato production (Hatfield et al. 2011).

A)
Maijor land use typas
[]Cropland [l Forest Grassland/range
I Special uses, miscellaneous, and urban land uses
[ Lines in bold black represent USDA production regions
B) 2

1 Dot = $20,000,000

- ] United States Total
fles . $297,220,491,000

Figure 7.1 Maps show (a) shares of land use in the Southeast and (b) distribution of market value of
agricultural products sold. (a) USDA Census (2007) and (b) Hatfield et al. (2011).
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Table 7.1 Regional Population and Agricultural
Sales in the Southeast.

Population

Urban 59,600,000
Rural 16,900,000
Farms 528,800

Annual Sales

Crop (Billion $) 25.6
Animal (Billion $) 31.1
Total (Billion $) 56.7

Source: USDA-ERS (2010).

Since 1985, agricultural land used for cropping, pasture, and ranges has consis-
tently decreased as a consequence of expansion in non-agricultural land uses. Between
the 1985 and the 2007 census the region recorded combined losses of agricultural
land greater than 18% (7 million ha). Nationwide, cropping areas for the same period
declined by more than 24 million ha, with the SE accounting for 36% of this loss. For
the SE, there is a greater decrease in cropping land than in pastures. The states with
the biggest net agricultural land loss were Georgia, Mississippi, Louisiana, and Florida
(Nickerson et al. 2011). These long-term trends are linked to a number of factors,
including changes in farm policies, commodity price fluctuation, crop insurance, land
ownership, and urban encroachment as a result of population growth.

Agriculture consumes more than 80% of the water used in the USA (Schaible 2004).
Competing demands for water from population growth, energy sector growth, and
environmental needs have intensified. The development and maintenance of irrigation
technology is an important factor to successful and optimal agriculture. In 2007, about
23 million ha (17% of all cropland) in the SE was irrigated. Since 1982 growth rates
in irrigation have slowed down nationwide and in most parts of SE, except for large
expansions in the Delta Region and Arkansas (Nickerson 2011). The SE region accounts
for about 15% of the total USA water used for agriculture. Arkansas ranks second after
California (Nickerson 2011).

Agriculture is a large contributor to CO, emissions. However agriculture also
provides opportunities for carbon sequestration and increased storage that have the
potential to offset high emission rates, while providing economic value to landholders
and farming businesses. For the region, conversion to restorative land use and adop-
tion of carbon sequestration practices can help to achieve a positive carbon balance in
agriculture (Lal et al. 2011). Many practices that farmers implement as part of adapta-
tions to climate changes will also mitigate carbon emissions. For example, carbon losses
associated with grazing systems could be reduced through proactive management to
conserve vegetative cover and to store soil carbon through integration of crop, pasture,
and livestock production systems (Shepherd 2011). This topic will also be addressed in
the up-coming 2012 ARS GRACEnet assessment (GRACEnet 2012).
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The diverse and intensive agricultural sector in the SE is highly affected by climate
conditions and requires appropriate, continuously improving management practices.
Climate impacts on agriculture profits, spill over into the broader agribusiness sector.
Severe climate events such as floods and droughts have large impacts on the financial
performance of agricultural businesses. For instance, the 2011 floods in the Mississippi
River area were estimated to cost the Arkansas agricultural industry more than $500
million (Arkansas Farm Bureau 2011). The risks associated with such events are com-
paratively higher than in other industry sectors and require more intense risk manage-
ment strategies. Relatively few of the crops grown in the SE are covered by government
risk management programs, which tend to favor the major agronomic crops such as
corn, soybean, and wheat, which are relatively less important in the SE.

Land and water are the most important production resources in the agricultural
sector. The costs for using these resources in agricultural production are affected by
a number of factors including urban encroachment, competition for water from other
sectors, sea level rise, effects of weather and climate, and land degradation. Major input
costs that influence agricultural production include fuels, chemicals, seeds, labor, re-
source management, and marketing. Between 2002 and 2007, farm-related production
expenses have increased 39%. Individually, costs for fuel and fertilizers increased more
than 80% during this time (USDA-ERS 2010).The complexity of the agriculture sector
requires management decisions that maximize production and minimize environmen-
tal impact on soils and water resources, in addition to mitigation of climate change and
the adaptation to its likely effects (Lal et al. 2011).

7.2 Climate Sensitivities and Vulnerabilities

Agriculture is highly sensitive to climate variability and change. Increasing tempera-
tures, changes in rainfall, and higher atmospheric CO, concentration affect agricultural
production through various physiological mechanisms. In combination, these factors
will increase or reduce agricultural production; the net effect will depend on interac-
tions among these factors. Sea level rise and the potential for increased frequency
of major hurricanes will have direct and indirect negative impacts on agriculture in
coastal areas. Climate sensitivities and vulnerabilities also will affect productivity and
production costs for animal production, under both free-range and confined conditions.
Adverse impacts of climate change on other economic sectors may increase the
vulnerability of agriculture. For example, tourism and real-estate are important parts of
the economy in most areas of the SE that have coastlines. With rising sea levels and the
degradation of vulnerable coastal areas by storms and floods, the tourism industry is
predicted to be substantially affected (ASP 2011). A study by Luscombe (2010) esti-
mates that property values in the Florida Keys alone could be reduced by $11 billion
by 2100 through the impact of sea level rise. A negative growth in the tourism and real
estate industries will affect the region’s important food service sector through reduced
demand for locally produced food, representing an important market for many agricul-
tural businesses in the region (Borisova et al. 2008).

Potential Impact of Rainfall Variability and Change

Changes in rainfall amounts can have both negative and positive effects on agricultural
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production. For example, in low rainfall environments higher rainfall will increase
growth, where less rainfall will further limit plant production. In contrast, in high rain-
fall zones, too much rainfall can result in waterlogging, which damages crop growth
(Dracup et al. 1993, Jiang et al. 2008) or result in nutrient leaching in sandy soils (Ander-
son et al. 1998). Additionally, reduced rainfall on these same soils will limit the negative
impacts of waterlogging and nutrient leaching.

Rainfall distribution also plays an important role for determining crop yields. Rain-
fall around the time of anthesis ensures water supply during the grain-filling period
and is particularly critical for grain yield in annual crops (Fischer 1979, Hatfield et al.
2011). Future changes in growing-season rainfall distribution therefore will have an
impact on crop growth and yield. Balancing growth and water use before and after
anthesis is one of the tools to manage uneven rainfall distribution. Options for manag-
ing the seasonal water use by crops include sowing time, nutrient management, plant
density, and cultivar choice (Fischer 1979, Hatfield et al. 2011).

Extreme events are predicted to include a higher drought frequency in the western
part of the region, but there may be fewer droughts across the northern tier of the re-
gion and in the mid-Atlantic (see Chapter 2, Section 2.4.3). A higher drought frequency
in the western part of the region will lead to reduced crop production and yields below
what is expected based on the average climate change (Easterling 2007). Particularly
critical are changes in rainfall intensity and the distribution of small versus large rain-
fall events (Hayhoe et al. 2007), which can have significant consequences for crop pro-
duction via the impact on soil infiltration depth, water balance, soil mineralization, and
crop water use efficiency (Sadras and Rodriguez 2007). Extreme precipitation events
have been increasing across the southeastern region, particularly over the past two de-
cades (see Chapter 2, Section 2.3.2). The annual number of days with extreme precipita-
tion is expected to increase across most of the region, particularly along the Southern
Appalachians as well as parts of Tennessee and Kentucky (see Chapter 2, Section 2.4.1).
The greatest impact of rainfall variability on livestock and poultry systems will be the
indirect consequences of higher feed costs for purchased inputs. The impacts of chang-
es in rainfall on forage production have not been as thoroughly researched as those for
crop production, but prolonged droughts could significantly alter these systems as very
little forage land is irrigated. Selection of drought tolerant forages and improvements
in grazing management to buffer against drought could aid producers in adapting to
more frequent drought conditions.

Potential Impact of Temperature Change

Temperature affects plant and crop-level processes that determine yield for all crops.
Where crops are grown near their genotype specific limits of maximum temperature
tolerance (Hatfield et al. 2011), heat spells can be particularly detrimental (Ferris et al.
1998). Conversely, in cooler regions, increased annual mean temperature since the 1980s
has contributed to the reported increase in agriculture production (Yang et al. 2007).
Higher temperatures can negatively affect plant production indirectly as acceler-
ated phenology (Menzel et al. 2006, Sadras and Monzon 2006) provides less time for
accumulating biomass (Amthor 2001, Menzel et al. 2006) analyzed phenological data
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from 125,000 time series for 542 plants in 21 European countries and found that for the
period 1971 to 2000, 78% of all leafing, flowering, and fruiting events occurred earlier.
Sadras and Monzon (2006) modeled in detail the effect of recently realized changes in
temperature on phenological development of wheat, and found earlier flowering. How-
ever, unexpectedly, no changes were noted in the duration from flowering to maturity
due to the shift of flowering to cooler parts of the season.

Extreme temperature events can have large negative impacts on plant growth and
yield as shown for wheat (van Herwaarden et al. 1998). Temperatures below 9°C and
above 31°C around anthesis (or flowering), can reduce potential grain weight and
therefore yield (Calderini et al. 2001). Higher average temperatures can reduce the
frequency of frost and frost damage (Baethgen et al. 2003). However, indirect effects of
temperature, such as shifting flowering to “cooler” parts of the season, may lead to the
paradox of increasing frost risk at flowering (Sadras and Monzon 2006).

The impact of increasing temperatures can vary widely between crop species. Plants
carrying out the C4 photosynthesis process have higher optimum temperatures for
leaf photosynthesis and plant growth (i.e., more productive under high temperatures
but less responsive to higher atmospheric CO, concentrations) than plants utilizing the
C3 photosynthetic process (Goudriaan and Van Laar 1994, Hatfield et al. 2011). Spe-
cies with a high base temperature for crop emergence such as maize, sorghum, millet,
sunflower and some of the legumes (e.g. mung bean and cowpea) (Angus et al. 1981,
Hatfield et al. 2011) might benefit from increasing temperatures in cool regions. For
most of the cereals; legumes, such as field pea and lentil; and linseed and oilseed crops
with a low base temperature (Angus et al. 1981), a warming climate will result in an
advanced phenology. For example, Sadras and Monzon (2006) showed that the date of
wheat flowering in different environments is advanced about seven days per degree
increase in temperature.

Climate change is likely to have greater impacts on minimum than on maximum
temperatures (Nicholls 1997), and such changes in diurnal temperature range can have
different effects on various crops. An increase of average temperatures, in the frequency
of hot days, warm nights and in the length of the freeze-free season is projected for
the SE, but projections for changes in diurnal temperature range are not specified (see
Chapter 2, Section 2.4.2). However, Lobell and Field (2007) analyzed historical yield
data of wheat, rice, and maize from the leading global producers and showed that an
increase in diurnal temperature range was associated with reduced yields of rice and
maize in several agricultural regions worldwide. This reflects the nonlinear response
of yield to temperature, which likely results from greater heat stress during hot days
(Lobell 2007). Peng (2004a) suggested that rice yields declined by 15% per degree Centi-
grade in minimum temperature due to wasteful night respiration, but this interpretation
was challenged in subsequent studies (Sheehy et al. 2006a, Sheehy et al. 2006b). Baker et
al. (1995) observed 10% loss in rice yield per degree above 25°C mean daily temperature,
based on extensive experiments in sunlit, controlled environment chambers.

An indirect effect of increasing temperatures due to climate change likely will be
higher water demand by plants due to increased transpiration, which can potentially
reduce plant production (Lawlor and Mitchell 2000; Peng et al. 2004b). In dry-land
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agriculture, this will directly limit plant growth, while in irrigated systems increased
temperatures could result in higher irrigation demands in combination with increased
losses through evaporation. However, if future temperature changes are similar to

the changes in the last 50 years, where global minimum temperatures have gener-

ally increased twice as fast as maximum temperatures, resulting in a reduced diurnal
temperature range (Folland et al. 2001), the impact of increasing temperatures on vapor
pressure deficit and therefore on atmospheric evapotranspiration would be small
(Farquhar et al. 1978). In addition, higher atmospheric CO, concentrations can partially
compensate for the increased water demands due to higher temperatures, through
lower stomatal conductance, which reduces transpiration (Kimball 2010). Reduced

leaf transpiration as a consequence of higher CO, will also increase leaf temperature
with an increased chance of plant damage due to heat stress. Plants grown at higher
atmospheric CO, tend to have a higher leaf water potential, which results in reduced
drought stress (Wall 2001).

Higher temperatures can also adversely affect grain quality as shown for grain pro-
tein content (Triboi et al. 2003, Zhao et al. 2008) and dough quality of wheat (Randall
and Moss 1990; Wrigley et al. 1994). For some crops, night temperatures are critical for
grain quality, as shown for fatty acid composition in sunflower (Izquierdo et al. 2002).

Increasing temperatures could have profound impacts on livestock and poultry
producers. Heat stress in particular may lead to significant detrimental effects on
production and reproduction of some livestock species. Heat stress in dairy cattle can
have a long-term effect (weeks to months) on both milk production and birthing rates
(Klinedinst et al. 1993). Dairy cows perform best under cool temperatures, with the
temperature optimum for maximum milk production between 4°C and 24°C. At high
relative humidity (>80%) heat stress in dairy cows can begin at temperatures as low as
23°C, and stress becomes severe at 34°C. Dairy farmers could adapt to warmer tempera-
tures by renovating barns to improve their cooling systems, but these costs would have
to be weighed against potential risks and benefits. Poultry animals are primarily grown
in housed operations, so the effect of climate change more directly affects the energy
requirements for building operation rather than a direct effect on the animal. Similar
statements can be made for swine production as the vast majority of the animals are
housed. Temperature affects animals being moved from buildings to processing plants,
but because these animals are moved quickly from production to processing, this is a
problem only in extreme conditions (Hatfield et al. 2011).

Potential Impact of Elevated Atmospheric CO, Concentrations

Elevated CO, has two main effects on crop growth. It increases the intercellular CO,
concentration leading to increased net photosynthesis rates, and at the same time
reduces stomatal conductance resulting in reduced transpiration and improved water
use efficiency (Farquhar et al. 1978). Many experiments have shown that higher CO,
concentrations increase plant biomass production and yield (Drake et al. 1997, Garcia
et al. 1998, Ma et al. 2007,Morison 1985, Tubiello et al. 2007, Kimball 2010, Hatfield et al.
2011). However, C3 species respond differently to elevated CO, than do C4 species (Al-
len et al. 2011, Prasad et al. 2005, Kimball 2010, Hatfield et al. 2011) (see Table 7.2)
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Table 7.2 Examples of C3 and C4 Species.

C3 Species C4 Species

¢ Small grains such as wheat, barley, oats, and rye * Maize, sorghum, sugarcane

¢ Grain legumes such as soybean, peanuts, various beans * Many warm-climate grass species (Bahia grass)
and peas

* Root and tuber crops such as potato, sweet potato

* Most fruit (peaches, citrus), nut (pecans), vegetable and
fiber crops (cotton); and cool climate forage and grassland
species

Increases in CO, concentration increase photosynthesis more than crop yield; at
500 to 550 ppm, yields of C3 crops will yield 15% to 30% more, whereas C4 crops will
yield 15% to 25% more (Kimball 2010, Tubiello et al. 2007, Long et al. 2006, Hatfield
et al. 2011). On average, doubling CO, concentrations increases photosynthesis from
30% to 50% in C3 species, and from 10% to 30% in C4 species (Kimball 2010, Tubiello et
al. 2007). Lobell (2007) summarized CO, effects from a number of open-top chambers
and Free Air Carbon-Dioxide Enrichment (FACE) experiments with 0.07% grain yield
increase in wheat per ppm CQO, increase for up to 550 ppm.

The response of pasture species to elevated CO, is consistent with the general re-
sponse of C3 and C4 vegetation to elevated CO,. Pasture species with C3 metabolism
increase their photosynthetic rates by up to 40%, but not those with a C4 pathway (Hat-
field et al. 2011). Unlike croplands, the literature for pasturelands is sparse in providing
quantitative information to predict the yield change of pastureland species. Current
information indicates forage yield responses of C3 versus C4 perennial forages to be
similar to corresponding C3 or C4 annual crops (Hatfield et al. 2011). The projected
increases in temperature and the lengthening of the growing season should be, in prin-
ciple, beneficial for livestock by increasing pasture productivity and reducing the need
for forage storage during the winter.

The impact of elevated CO, on plant production depends on water and nutrient
availability. The greatest response to elevated CO, is found under water limiting condi-
tions (Kang et al. 2002, Manderscheid and Weigel 2007, Kimball 2010) because higher
CO, concentrations increase leaf and plant level water use efficiency (WUE) (Wu et al.
2004, Kimball 2010, Allen et al. 2011). Low nutrient availability can reduce the positive
impact of elevated CO, on yield (Kimball 2010). The impacts of elevated CO, at field
and farm levels are probably lower than those estimated in well-controlled experimen-
tal conditions because, due to production limiting factors such as low nutrient avail-
ability, pests, and weeds (Tubiello et al. 2007). An important indirect effect of higher
atmospheric CO, is reduced plant nutrient concentrations, which can result in lower
grain quality (Kimball et al. 2001, Rogers et al. 1996).

An indirect effect of elevated atmospheric CO, is an increase in canopy tempera-
tures due to a reduction in stomatal conductance and therefore less evaporative cooling
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(Kimball 2010, Hatfield et al. 2011). There is evidence in C3 plants, as found in experi-
ments with wheat and cotton, that selection for improved grain yields in breeding
programs is more successful when selecting for high stomatal conductance, resulting in
heat avoidance through evaporative cooling in hot environments (Amani et al. 1996, Lu
1994, Radin et al. 1994). Reduced stomatal conductance in response to increased atmo-
spheric CO, might therefore have additional effects on crop growth and development
similar to an increase in temperatures (Allen et al. 2011).

Potential Impact of Tornados, Hurricanes, and Sea Level Rise

High wind speeds of tornados and hurricanes can damage summer crops through
lodging (falling over) which can make crops unharvestable. The impacts on confined
poultry or livestock can be devastating if facilities are destroyed resulting in long
periods without production and considerable animal mortality. Heavy rainfall from
hurricanes can lead to soil water-logging, delays in harvesting, degraded crop quality
and overall yield losses. Sea level rise will affect ground water availability for irrigation
near the coast due to salt water intrusion. During drought periods, there can be greater
levels of salinity intrusion up coastal rivers affecting surface water withdrawals. In
addition, retreating urban populations from the current coast line will put pressure on
agricultural areas (Spechler 2001).

Potential Combined Impact of Climate Change

Rainfall, temperature, and CO, concentrations do not change independently but inter-
act with each other and are highly complex (Hatfield et al. 2011). To develop climate
change adaptation strategies so that crop production can remain stable in a changing
climate, it is important to sufficiently understand the complexity of natural systems
and how these are affected by changing climatic factors (Boote et al. 2011). Wheeler et
al. (1996) showed that a positive yield effect in wheat from 700 ppm elevated CO, in the
UK could be offset by an increase in mean seasonal temperatures of 1°C to 1.8°C. It is
important to understand the interactions before developing climate change adaptation
strategies because, for example, adaptations to higher temperatures may be differ-

ent from adapting to reduced rainfall (Ludwig and Asseng 2010, Tubiello et al. 2007).
Another study by Allen et al. (2011) based on experiments with maize and sorghum,
suggests that drought stress in C4 crop plants can be ameliorated at elevated CO, as a
result of lower stomatal conductance and sustaining of intercellular CO, concentration.
Furthermore the study suggests, that C4 crops may require less water under future
higher atmospheric CO,.

In livestock and poultry production, Reynolds et al. (2010) stated that changing
climate would affect the following: (1) the suitability of land, (2) availability of land due
to sea level rise, (3) water availability and quality, and (4) production efficiencies under
drought conditions.

As local environmental conditions change, so too will the spread of livestock dis-
eases in response to the changes in prevalence of the host species and the suitability of
environmental conditions for pathogen transfer. Van Dijk et al. (2010) found clear evi-
dence that climate change has already changed the overall abundance, seasonality, and
spatial spread of endemic helminthes (parasitic worms in cattle) in the UK. Warming
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and changes in rainfall distribution may lead to changes in spatial or temporal distri-
butions of those diseases sensitive to moisture such as anthrax, blackleg, haemorrhagic
septicaemia, and vector-borne diseases (Hatfield et al. 2011). Pastureland response to
climate change will likely be complex because, in addition to the main climate drivers,
other plant and management factors might also influence the response (e.g., plant com-
petition, perennial growth habits, seasonal productivity, and plant-animal interactions).

Climate Change Impact in the Southeast USA

A previous SE regional climate change assessment report summarized impacts of cli-
mate change on agriculture, forestry, air, and water quality (Ritschard et al. 2002). The
effect of climate change on the crops studied in the report could be positive or negative,
depending on location and crops. Dryland crops are expected to be more sensitive to
climate change: a decline of 20% rainfall and an increase of 2°C temperature will cause
yield losses from 10% to 15% by 2030 (Ritschard et al. 2002). Irrigated crop yields will
decrease by 10%, except for rice, peanut, and soybean, which will increase 10% to 20%
by 2030. The agriculture sector will likely be able to adapt to mild increase of tempera-
tures of 1°C by 2030 provided rainfall increases. An increase in temperature will cause
row crops growing in Alabama, north Florida, and southwest Georgia to shift north to-
wards central Georgia, South Carolina, and North Carolina. Access to water for irriga-
tion has been identified as the largest challenge to adapt to declining rainfall. Although
some regions in the SE have access to shallow groundwater tables for irrigation, these
areas are at risk of salt water intrusion from projected sea level rise (Ritschard et al.
2002). Also, competition for freshwater among the agricultural industry, urban com-
munities, and ecological sectors will continue to increase. Recommended strategies to
adapt to climate variability and change include improved seasonal forecasts, drought
and heat stress resistant crops and livestock, adjustments of planting dates, and im-
proved water management and fertilization practices to keep water reserves clean and
available for the growing demands (Ritschard et al. 2002).

Hatfield et al. (2011) showed how future climate change likely will affect crops dif-
ferently across the USA, due to different crops responses (e.g., C3 versus C4 plants), but
also different base conditions (warmer in south versus cooler in north). For example,
yields of maize and soybean likely will be less negatively affected in the Midwest than
in SE, where increasing CO, (440 ppm) and temperatures (+0.8°C) will be more detri-
mental because of the fundamentally warmer climate in the South (Hatfield et al. 2011).

Higher temperatures will increase the atmospheric evaporative demand for water,
thereby increasing evapotranspiration (ET). The effect of warmer temperatures on
evaporative demand might be offset in part if warmer temperatures increase cloud
cover. Higher atmospheric CO, is predicted to stimulate crop growth but also increase
water use efficiency. Increasing temperature and CO, effects are of the same magnitude
by 2040 in the USA (440 ppm, +0.8°C) but act in the opposite direction. The combined
impacts of these effects will mean that the net changes to evapotranspiration likely will
be minimal (Hatfield et al. 2011).

Climate changes will adversely affect the economic viability of livestock produc-
tion systems. Surrounding environmental conditions directly affect mechanisms and
rates of heat gain or loss by all animals. Lack of prior conditioning to extreme weather
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events (such as extreme heat, frost, and flooding) often results in catastrophic losses in
the domestic livestock industry. In the central USA in 1992, 1995, 1997, 1999, 2005, and
2006, some intensive cattle feeding operations lost in excess of 100 head each during
severe heat episodes (Hatfield et al. 2011). Economic losses from reduced cattle perfor-
mance (morbidity affecting measures such as rate of weight gain, milk production per
day, eggs per day) likely exceed those associated with cattle death losses by several-
fold (Mader 2003). The risk potential associated with livestock production systems due
to climate variability can be characterized by levels of vulnerability, as influenced by
animal performance and environmental parameters (Hahn 1999). When combined per-
formance level and environmental influences result in a low level of vulnerability, there
is little risk. As performance levels (e.g., rate of weight gain, milk production per day,
eggs per day) increase, the vulnerability of the animal increases and, when coupled
with an adverse environment, the animal is at greater risk. Combining an adverse
environment with high performance pushes the level of vulnerability and consequent
risk to even higher levels. At very high performance levels typical of much of the highly
efficient production in the SE, any environment other than near-optimal may increase
animal vulnerability and risk.

The potential impacts of climatic change on overall performance of domestic ani-
mals can be estimated using defined relationships between climatic conditions and
voluntary feed intake, climate data, and Global Climate Model (GCM) outputs. Because
ingestion of feed is directly related to body heat production, any change in voluntary
feed intake or energy density of the diet will change the amount of body heat produced
by the animal (Mader et al. 1999). Ambient temperature has the greatest influence on
voluntary feed intake. Body weight, body condition, and level of production affect the
magnitude of voluntary feed intake and the level of ambient temperature at which
changes to voluntary feed intake begin to be observed. Predicted climate outputs
from GCM scenarios have been used to develop production and response models for
growing confined swine and beef cattle, and milk-producing dairy cattle (Frank et al.
2001). The goal in the development of these models was to utilize climate projections,
primarily average daily temperature, to estimate direct climate-induced changes in
daily voluntary feed intake and subsequent performance across the entire country.

The production response models were run for one current (pre-1986 as baseline) and
two future climate scenarios: doubled CO, (~2040) and tripled CO, (~2090) levels.

This database employed the output from two GCMs—the Canadian Global Coupled
(CGC) Model, Version I, and the United Kingdom Meteorological Office/Hadley Center
for Climate Prediction and Research model —for input to the livestock production

and response models. Across the entire USA, production levels for livestock showed
declines, including days to market swine, which increased 1.2% for the CGC and 0.9%
for the Hadley model; days to market for beef, which increased 2.0% for the CGC and
0.7% for the Hadley model; and dairy milk production, which decreased 2.2% for CGC
and 2.1% for the Hadley model. Swine and beef production were affected most in the
south-central and SE USA. Dairy production was affected the most in the Midwest and
Northeast. In the east-central USA, per animal milk production declined 388 kg (~4%)
for a July through April production cycle, and 219 kg (~2.2%) for an October through
July production cycle as a result of global warming. Swine growth rate in this same
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region was found to decline 26% during the summer months, but increased nearly 12%
during the winter months as a result of climate changes. Between 1995 and 2010, the SE
USA experienced a decline in milk production of about 37%. Approximately one-half
of these summer domestic livestock production declines are offset by improvements in
productivity during the winter.

Amundson et al. (2005) reported a decrease in pregnancy rates of cattle of 3.2% for
each increase in average Temperature Heat Index (THI) above 70, and a decrease of
3.5% for each increase in average temperature above 23.4°C. These data were obtained
from beef cows in a range or pasture management system. Minimum temperature
had the greatest influence on the percent of cows getting pregnant. Clearly, increases
in temperature or humidity have the potential to affect conception rates of domestic
animals not adapted to those conditions.

A range of reviewed subregional and state-based assessments and impact studies
predicting direct and indirect impacts on the agricultural sector in the SE region are
summarized in the following sections. Examples of damages and losses associated with
recent extreme events are used to illustrate current vulnerability to climate. Some op-
portunities for agriculture to contribute to mitigation are also highlighted.

Virginia. Increased storm surges and flooding are projected due to higher sea levels on
5,335 km of Virginia tidal shoreline. The state is highly susceptible to damage from hur-
ricanes, storms, and water surges that are forecast to intensify and are likely to result in
increasing economic damages and losses. Virginia can play an important role in reduc-
ing fossil carbon emissions as it has an abundance of required resources for biomass
combustion, including mill and crop residues (Commonwealth of Virginia, ASP 2011).

North Carolina. In the last hundred years average temperatures increased by 0.67°C
with a further 2.2°C projected for the next century (CIER 2008a). Such increase in global
temperature likely will shrink North Carolina’s booming $70.8 billion agricultural
industry by nearly 23% by the end of the century (CIER 2008a). Between 1996 and 2006,
14 tropical storms and hurricanes caused more than $2.4 billion of damage to the state’s
agricultural Industry (CIER 2008a). The state’s 2002 drought cost the industry $398
million and affected over 4,300 jobs (NCSL 2008). The Appalachian region livestock
industry is projected to lose 10% of its yield through heat stress due to an increase of
5°C by the end of the century (CIER 2008a).

Tennessee. Temperature increases are predicted to negatively affect Tennessee soybean
and corn yields and the industry (USDA-ERS 2010). Higher temperatures could impact
negatively the lifespan of the Kentucky-bluegrass, an important turf grass (ASP 2011).

South Carolina. Agriculture accounts for 14.8% of South Carolina’s GDP (ASP 2011).
One-quarter of the state’s 17.7 million hectares has been converted to farmland; and
agriculture accounts for around $17 billion annually which correspond to about 8% of
the state gross domestic product. Expected temperature increases are likely to hasten
the maturation of plants, thus reducing total yield potential (SCSCO 2012). The US
Environmental Protection Agency projects that South Carolina’s soybean and wheat
yields will fall by 42%, and its corn yields by 32%, with predicted rising temperatures
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by 1.7°C to 3.9°C between 2030 and 2100 (Carpio et al. 2008). Climate change will lower
agricultural productivity in the long term for South Carolina due to increasing extreme
weather events, pest infestations, and a northward shift of optimal production areas
(von Lehe 2008).

Alabama. A study by Davenport (2007) suggested that in Alabama, traditional crops
such as peach, apple, soybean, and wheat will suffer from climate change. In addition,
more pesticides and herbicides will be required under any of the projected climate
scenarios. However, increasingly favorable conditions are likely for cotton, corn, and
new citrus crops. The Union of Concerned Scientists notes that 27% of the major roads,
9% of rail lines and 72% of ports within the region are built at or below sea level.
Alabama’s interconnectedness threatens its economy, inclusive of the agricultural sec-
tor (ASP 2011). Of the 70 natural disasters, related to extreme climate events, between
1980 and 2007 that caused $1 billion or more in damage nationally, at least 21 affected
Alabama (Lott and Ross 2006).

Georgia. Analysis based on the 2007 IPCC projections suggests that by 2020, corn yields
will drop by 15% and winter wheat yields will drop by 20% in parts of Georgia (IPCC
2007). However, soybean and peanut yields could increase as much 25% in north-

ern Georgia and drop by 5% in the southern part of the state (CIER 2008b). The 2007
drought cost Georgia $1.3 billion in damages including crop losses of $83.8 million in
hay, $160.1 million in cotton, $92.5 million in peanuts, and $63.1 million in corn (CIER
2008Db).

Florida. Sea level rise, in combination with increased frequency and intensity of storms,
projected increases in the number of major hurricanes, and associated seawater surges,
is predicted to be the largest threat to Florida (see Chapter 2, Sections 2.4.5 and 2.4.6).
For instance, aNatural Resources Defense Council report uses sea level rise projections
of the 2007 IPCC Report to estimate that by 2060 16% of the Miami-Dade County will
be inundated with water (IPCC 2007). Miami-Dade County produces more than $661
million annually in agricultural produce (2007), and is the second largest agricultural
producing county in Florida (Hauserman 2007, Stanton and Ackerman 2007, USDA-
ESR 2010).

Hurricanes are predicted to cost the state economy, including agriculture, $6 billion
annually in 2025, increasing to $25 billion by 2050 (Hauserman 2007, Stanton and Ack-
erman 2007).

Florida’s agricultural industries are predicted to be affected by higher temperatures,
water scarcity, flooding of farmland that will cause crop losses and erosion, increased
water demands, and increased costs for irrigation. Higher temperatures might lessen
the likelihood of crop damaging winter freezes. By 2060, some scenarios project that
floods will claim 10,400 ha of farmland, 1,800 ha of pasture, and 2,800 ha of Florida’s
citrus crop (Stanton and Ackerman 2007, Borisova et al. 2008). Preserving a sustainable
citrus production in Florida could provide opportunities to expand the production of
ethanol from citrus waste (USEIA 2010).

Mississippi. Warmer temperatures and less rainfall are expected to require additional
irrigation to maintain the $4.8 billion agricultural industry in Mississippi (ERS, 2010,
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Wilbanks et al. 2010). Higher temperatures are also predicted to increase pests and
weeds, and reports suggest that one of the most used and cost-effective herbicides,
glyphosate, will be less effective under conditions of higher concentration of carbon
dioxide (ASP 2011). The state’s vulnerable aquaculture industry (see Chapter 9) will

be under threat as a result of shrinking freshwater supplies, increasing salinization,
warmer water temperatures, and contaminated runoff from high precipitation events
(Twilley and Miller 2001). Opportunities exist for increased soybean-based biodiesel
production, cellulosic ethanol made from crop residues, and renewable energy produc-
tion from swine, poultry and dairy industries. Mississippi already has the nation’s first
methane producing system from poultry waste (ASP 2011).

Arkansas. The agricultural industry in Arkansas contributes $16.3 billion to the state’s
economy (UoA 2010).The impacts of climate change are predicted to lead to increased
industry costs of production and reduced yields, causing a decrease in the sector’s
profitability according to an analysis of effects of 2009 weather conditions on crop
production (Hignight et al. 2009). Twenty-two percent of the state’s agricultural land
lies in flood zones resulting in concerns over increased soil erosion(ASP 2011). Abnor-
mal weather events, projected to increase in the future, caused an estimated loss of
revenues close to $397 million in 2009 —204 million for soybeans and $46 million for
rice. Production levels of rice are expected to drop in the Mississippi Delta by 10% to
20% (Hignight 2009). Agriculture has great potential to help Arkansas reduce its carbon
emissions through production of biodiesel and cellulosic ethanol using crop residues,
which has the potential to replace 40% of the gasoline used in the state (ASP 2011,
Cohen 2009).

Louisiana. The low-lying coast of Louisiana, including New Orleans, could be entirely
under water by 2100 due to sea level rise (ASP 2011). The state currently loses wetlands
at a rate of 6,200 ha annually (ASP 2011). Impacts of climate change include increased
occurrences of storms, major hurricanes, and floods (Wilbanks et al. 2010) and also
increased droughts in some regions (see Chapter 2, Section 2.4.3) that are expected to
impact the state’s agricultural industry (ASP 2011).

7.3 Adaptation to Climate Change and Variability in the
Southeast USA

Climate change effects clearly will have impact on agriculture in the Southeast. Various
types of adaptation can protect and even improve farm productivity. Adaptation has
the potential to help farmers minimize negative effects or take advantage of positive
effects of a changing climate. In most cases, adaptation to climate change in agriculture
will occur locally, at the farm level, in response to and as preparation for local impacts
of local or regional changes in rainfall and temperature and global changes in atmo-
spheric CO, concentrations. Therefore, understanding the local impacts of regional cli-
mate change is a prerequisite for any adaptation strategy, since adaptations are devised
at the local level in response to local conditions (Figure 7.2).

Most recent adaptations in agriculture in the SE USA relate to improved manage-
ment in dealing with climate variability that includes frequent droughts, heat, frost,
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and high wind speeds. Recently, a better understanding of seasonal variability has
emerged from climate-related agricultural research in the SE USA (Alexandrov and
Hoogenboom 2001, Garcia y Garcia et al. 2006, Persson et al. 2011), the forecasting of
seasonal climate (Bannayan and Hoogenboom 2008, Garcia y Garcia et al. 2010b, Olat-
inwo et al. 2010, Olatinwo et al. 2011, Royce et al. 2011), managing anticipated seasonal
variability (Alexandrov and Hoogenboom 2001, Garcia y Garcia et al. 2006) and the
management of climate-related pest and diseases (Boote et al. 2008). Studies on manag-
ing seasonal climate variability include research on farm-level risk management using
irrigation (Lin et al. 2008), alternative crop insurance indices (Deng et al. 2008), optimiz-
ing crop insurance (Cabrera et al. 2006), spatial drought stress assessments (McNider
et al. 2011), and the development of weather research and forecasting decision support
tools (Olatinwo et al. 2011). For example, management tools for adaptation are avail-
able through AgroClimate. This widely-used climate-based decision support system,
includes tools for seasonal forecast for much of the SE, including planting date sched-
uler, growing degree days and chill units tools, drought indices, and a host of other
decision aids delivered via the Internet (www.agroclimate.org) (Fraisse et al. 2006).
Due to the relatively small changes in past climatic factors (rainfall, temperature,
and CQO,), little adaptation has occurred that is exclusively related to historically expe-
rienced climate change. A number of researchers have studied the potential effects of
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Figure 7.2 Relationship of global climate change, regional/local climate change, agricultural impact and
agricultural adaptation to climate change.
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changing climate and atmospheric CO, on agriculture (Bannayan et al. 2009, Ben-Asher
et al. 2008, Garcia y Garcia et al. 2009, Garcia y Garcia et al. 2010a, Yoon et al. 2009) to
prepare for climate change. Others have investigated these impacts on the future of
agriculture assessing the potential for adaptation (Crane et al. 2011, Furman et al. 2011,
Persson et al. 2011, White et al. 2011). For instance, alternative crops for ethanol pro-
duction, as an important strategy for climate change mitigation, have been investigated
in a number of studies (Persson et al. 2010a, Persson et al. 2009a, Persson et al. 2009b,
Persson et al. 2010b).

Current Adaptation Strategies in Crop Production

Several possible adaptation strategies have been suggested to optimize crop produc-
tion to local climate and to adapt to climate variability. Such methods will also assist in
adapting crops to future climate change trends. Farmers in the SE have been testing a
number of these new technologies, including sod-based rotation, conservation tillage,
the usage of high biomass cover crops in combination with strip tillage and precision
nutrient placement, optimum irrigation and fertilizing strategies, and decision support
systems such as AgroClimate.

Sod-based rotation. A sod-based rotation is a four-year rotation that includes two years
of bahia grass pasture/hay, followed by peanut, a winter cover crop, and cotton. The
system has greater water-use efficiency as a result of increased soil organic matter and
increased root activity at greater depths. The root mass produced by perennial grass is
20 mg/ha, compared with annual cover crops that produce only 3 to 4 mg/ha root mass.
In addition, this system achieves greater efficiency of nutrient with less nitrate leached
into ground water, greater soil cover for moderation of high temperature extremes, and
reduced erosion. Other benefits include slower decomposition of crop residues that
enhance opportunities for C sequestration and better yields at lower than conventional
rates of fertilizer N, potentially mitigating greenhouse gas emissions (Wright et al.
2012).

Sustainable soil management strategies. Conservation tillage is one of the sustain-

able soil management strategies adopted in the SE. Conservation tillage is defined by
USDA-NRCS as a system that leaves enough crop residues on the soil surface after
planting to cover at least 30% of the soil area. Conservation tillage reduces climate risks
through reduced runoff, increased water infiltration, increased plant-available water,
reduced soil water evaporation, and reduced diurnal temperature fluctuations (Smith
et al. 2011).

High biomass cover crops with strip tillage, and precision nutrient placement. The use
of high biomass cover crops and limited tillage reduces impacts from weather extremes
such as intense rainfall events, short-term spring/summer droughts, and extreme soil
temperature during critical crop reproduction periods. Keeping the soil covered year
round with crop residue, cover crops, or cash crops reduces soil erosion, improves
water infiltration, reduces evaporative moisture loss, and moderates soil temperature.
Precise nutrient placement improves nutrient efficiency during weather extremes.
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Variable-rate irrigation. Variable-rate irrigation (VRI) is an innovative technology that
retrofits existing center pivot systems and integrates GPS positioning with a control
system that cycles individual sprinklers or groups of sprinklers on and off and varies
travel speed to achieve desired irrigation rates within management zones. VRI reduces
climate-related risks through reduction of total irrigation water volume required to
grow field crops, exclusion of non-crop areas from water application; enhanced abil-
ity to tailor water application to varying crop needs across the field; better matching of
irrigation application to site-specific soil types, textures, and topography reduction of
nutrient leaching by application of optimal irrigation volumes; and reduction or elimi-
nation of runoff by better managing water application.

Micro-irrigation. Micro-irrigation is the slow, frequent application of water directly

to relatively small areas adjacent to individual plants through emitters placed along

a water delivery line, for example, drip irrigation. Micro-irrigation can help farmers
adapt to climate changes through improving water use efficiency and reducing irriga-
tion water volume required to grow crops, flexible irrigation based on the difference
between potential and actual crop evapotranspiration, reduced nutrient leaching,
optimal timing of nutrient applications, and application of fertilizer directly in the root
zone. In addition, micro-irrigation is compatible with plastic mulch, which helps soil
water conservation and protects fertilizer from leaching. Micro-irrigation via micro-
sprinklers also provides freeze protection for small, high-value crops, such as strawber-
ries. Information on these various methods is available through publications from IFAS
(www .edis.ifas.ufl.edu).

Sensor-based, variable-rate nitrogen management. A sensor-based, variable-rate nitro-
gen application (SVNA) system for irrigated and dry land cotton reduce, production
costs through the use of a nitrogen-rich calibration strip (NRCS) that guides mid-sea-
son nitrogen fertilization. The NRCS guidelines are adjusted for seasonal climate vari-
ability that arises in response to El Nifo and La Nina events. Although the system will
not mitigate risks from drought, excess rainfall, and temperature extremes, the tech-
nology can significantly reduce the nitrogen footprint for crop production to reduce
greenhouse gas emissions.

AgroClimate: Information and tools for climate-smart agriculture. AgroClimate is a
Web-based climate information system that includes seasonal forecasts and numerous
management options for different crops/climate scenarios and tools that help produc-
ers in much of the SE plan for the season ahead. Users can also monitor variables of
interest such as growing degree days, chill hours, disease risks for selected crops and
drought conditions. Growers can use AgroClimate to reduce climate-related risks
through tracking seasonal climate outlooks to better understand how climate condi-
tions might affect crops, learn how El Nifio and La Nina events affect the local climate,
to explore how El Nifio and La Nina phases affected crop production in much of SE
USA, to help determine optimal planting dates for predicted climate, to select crops
and varieties better suited for the expected climate, and to improve monitoring of
disease risks for selected crops. In addition growers can monitor soil moisture condi-
tions using several drought indices and be alerted via e-mail and mobile phones about
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detrimental soil conditions for specific crops (Fraisse et al. 2006). For more information
and to use AgroClimate, go to www.agroclimate.org.

Livestock and poultry adaption strategies. Livestock production systems have adapted
slowly over a long period of time to suit local environmental conditions, such as water
and forage availability. In animal agriculture, adaptation technologies have been stud-
ied far less than mitigation options. Priorities include (1) use of species-rich mixtures,
legumes, and better adapted forage species and cultivars adaptation in forage lands;

(2) permanent pasture management by changes in grazing frequency to favor the
maintenance of high-digestibility species and to increase tolerance to drought stress;
(3) use of intercropping with legumes and use of C, and C, species of feed crop mixes;
(4) integrated control options to reduce the spread and impacts of gastrointestinal
parasites, especially in ruminant production systems; (5) provision of more shade or
water in extensive grazing systems and development of improved technologies for
reducing heat stress impacts in confined systems; (6) changes in livestock and poultry
breed selection and selection to favor animals that are more tolerant of local conditions;
and (7) development of improved tools to provide producers with warnings of when
temperature heat indexes are nearing threshold levels so that producers can take action
to avoid losses.

The Capacity for Agricultural Stakeholders to Adapt to Climate Change

Adaptive capacity is an emergent property that confers resilience to perturbation
(shocks), giving ecological and human social systems the ability to reconfigure them-
selves with minimum loss of function. In human social systems, it is demonstrated by
the stability of social relations, the maintenance of social capital and economic pros-
perity (Gunderson and Holling 2000, Folke et al. 2003, Yohe and Tol 2002). One past
example of adaptive capacity in the SE USA was the ability of the citrus industry to
relocate southward from its original location around Charleston, SC, to its current loca-
tion in Central and South Florida, following a series of disastrous freezes starting in the
late 19th century. Another case was the widespread adoption of zebu or Indian cattle
breeds along the gulf coast that are more resistant to heat and tropical diseases than the
traditional European cattle. In general, hardier, more heat-resistant varieties of fruits
and vegetables have been developed and adopted for the subtropical SE USA. It must
be emphasized, however, that these adaptations were purely technical and reactive.

The capacity for agricultural stakeholders to adapt proactively to climate change is
determined by more than their access to appropriate technologies or management prac-
tices. For instance, social, political, and economic factors also shape adaptive responses.
These include, but are not limited to, the ways in which agricultural stakeholders
perceive the impacts and risks of long-term climate change, their access to and use of
climate information; the ways in which they are actively connected within knowledge
and community networks; and their capacity to address problems at household and
farming system levels, in addition to those infrastructural, market, and policy barriers
that limit options for adaptation.

A politicized struggle to shape public understanding of climate change in the USA
has polarized the debate in the media. The scientific consensus is framed through
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elements of dread and uncertain risk, while climate change deniers portray climate
change as natural, familiar, and improbable (Weber and Stern 2011, Leiserowitz et al.
2008). Within this context, many agricultural stakeholders in the SE USA may find it
difficult to assess the risks that climate change presents (Ingram et al. 2012). Further-
more, because farmers manage many different types of risks on a day-to-day basis, the
potential impacts of long-term climate change might not always motivate immediate
concern (Ingram et al. 2012). Studies have shown that political ideologies also correlate
strongly with belief in climate change as seen among organic farmers (Furman, et al.
2009) and African farmers in the southeastern states (Bartels, et al. 2012a, b). Another
study demonstrated, for instance, that conservative white males are more likely to be
climate skeptics (McCright 2010). In the SE, only one-eighth of the farm operators are
women, with an average age from 56 to 58. The majority of farmers in the SE who are
likely to make management decisions in the agricultural sector are older, more conser-
vative, white men (USDA 2007).

The challenge of communicating about climate change with more skeptical audi-
ences is being addressed within the SE Climate Consortium (SECC) by focusing initial
discussions on climate-related issues that are of more urgent concern to growers. At
state and local scales, governments are also engaged in cross-agency collaborations to
communicate about issues that are linked directly (and indirectly) to managing climate-
related risks. For instance, the Water and Agricultural Policy Division of the Florida
Department of Agriculture and Community Services is engaging agricultural stake-
holders around issues of water quality and quantity through best management prac-
tice programs. The manner in which scientists or government agency representatives
begin to engage with farmers about climate change can influence their receptiveness to
exploring adaptation options. By focusing on climate issues that resonate strongly with
growers, researchers can open the door to future discussions about longer-term chang-
es (Bartels et al. 2012a). For example, due to the strong influence of La Nifia and El
Nifo on agricultural production in the SE USA, seasonal variability and extreme events
are areas where scientists have the best potential to engage with farmers in implement-
ing on-farm adaptation strategies (Ingram et al. 2012). In surveys conducted with row
crop farmers, extension specialists, and researchers, respondents indicated that weather
or seasonal forecasts were more useful to them than longer-term projections (Figure
7.3, Bartels et al. 2012a). This was also demonstrated in studies by Crane et al. (2010)
and Furman et al. (2011). A large body of research and extension within the SECC has
centered on providing farmers and extension professionals with seasonal climate fore-
casts and coproduction of decision support tools to reduce climate-related risks (Breuer
et al. 2008, Breuer et al. 2009, Cabrera et al. 2008, Furman et al. 2009, Fraisse et al. 2009,
Fraisse et al. 2006, Ingram et al. 2012). Approaches developed and knowledge gained
from projects that have helped farmers manage risks from seasonal climate variability
are now being applied to new projects to help farmers adapt to climate change.

Enhancing farmer use of climate information also requires an understanding of
the social nature of risk management and information processes. For instance, social
networks are important for processing information (Crane et al. 2010). Farmers discuss
weather and climate at social gatherings, when doing business with buyers and bro-
kers, or at meetings with extension agents (Crane et al. 2010, Furman et al. 2011). The
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Figure 7.3 Perceived usefulness of forecasts and projections at specific timescales among row crop
stakeholders (N=57) in the SE USA (Bartels et al. 2012a).

extension systems within the land-grant universities provide boundary organizations
that link scientists to farmers for information diffusion and decision support. A survey
of Florida extension agents found that between 2005 and 2009, knowledge and willing-
ness to use and provide climate information to end users increased on average, and ex-
tension agents had refined their understanding of the types of climate information that
are most useful (Breuer et al. 2010). These findings highlight the importance of receiv-
ing feedback from stakeholders about technologies. Such feedback can guide the de-
velopment and dissemination of decision support tools that are accessible and relevant
to the specific needs and goals of farmers. Valuable stakeholder input can be assessed
further through interactive, participatory methods that explore farmers’ perceptions,
attitudes, long-term goals, and other cognitive and decision-making information before
and during the development of decision support tools and systems (Breuer et al. 2008,
Breuer et al. 2009, Cabrera et al. 2008, Fraisse et al. 2006). Fraisse et al. (2009) provide a
framework for developing an extension program that combines climate variability and
climate change (Figure 7.4).

Interactive venues in which farmers can exchange knowledge about adaptation
technologies can enhance learning among all stakeholders. In this way, the thoughtful
design of stakeholder engagement processes becomes a powerful social tool for im-
proving adaptation decision support (Bartels et al. 2012b). A regional climate working
group in the SE that includes farmers, extension agents, and researchers from Alabama,
Florida, and Georgia meets biannually to foster knowledge exchange about climate and
adaptation among scientists, farmers, and extension professionals. Historical timelines
and storytelling have revealed the many ways in which growers have adapted to past
changes and seasonal variability in climate. In assessing the barriers and opportunities
for adapting farming systems these workshops reveal that farmers are familiar with
several farm-and-field level management practices and planning decisions that can
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Figure 7.4 Framework for a combined climate variability and change extension program (Fraisse
et al. 2009).

reduce climate-related risks. They are able to change crops or varieties, planting dates,
tillage practices, or pesticide and irrigation schedules. However, they perceive a lack of
control over other factors, such the federal farm bill, access to industrial infrastructure
such as peanut shellers and cotton gins, and changes in commodity prices that drive
planting decisions. One grower, for instance, reported that “as far as what crops were
going to be grown 20 years from now, the farm bill probably impacts what farmers are
gonna’ grow more than anything.” These findings point to the importance of moving
discussions beyond farm-level decision making to embrace other scales of influence, for
example, policy making circles that can influence the availability of potential adapta-
tion options such as irrigation systems, crop insurance, or credit services (Bartels et al.
2012a).

Farmers constantly navigate and negotiate biophysical and socio-economic pro-
cesses. Values, norms, meanings, and goals affect the way farmers perceive and
respond to climate information. In addition, some livelihood systems are more flex-
ible than others in terms of the ease with which farmers can integrate new technolo-
gies (Crane et al. 2010). For example, although awareness has grown among organic
farmers in Georgia about the potential economic incentive offered by emerging mar-
kets for carbon credits, these farmers are not always able to implement practices that
reduce emissions and sequester carbon. Smaller farms, including most organic farms,
are easier to manage with manual tools than larger farms and new farmers might be
less likely to afford the extra labor and costs required by strategies that seek to reduce
carbon emissions (Furman et al. 2011). Farmers in central and northern Florida, who



Agriculture and Climate Change in the Southeast USA

have more diversified and smaller operations, tend to place more importance on
seasonal climate variability and are better positioned to respond to climate predic-
tions (Breuer et al. 2010). Similarly, dryland farmers face very different adaptation
challenges than do farmers who have irrigation systems. Therefore, to be effective,
climate communication and education strategies must be designed to target specific
commodity audiences, farming systems, and household types rather than a one-size-
fits-all approach to adaptation (Bartels et al. 2012a, Furman et al. 2011, Crane et al.
2011). When viewing agriculture as a complex system of practices, climate information
should be integrated gradually and experimented with over time. In this way, farmers
will learn to employ these new technologies and adapt them to their own particular
circumstances (Crane et al. 2010). For example, an Alabama extension professional

and member of the row-crop climate working group reported that long term changes
in agriculture are needed but that such changes are difficult. “It's about like trying to
turn a cruise ship, you know. You don’t turn a sharp left or a sharp right, ok, but you
can start bending in one direction or another... I think that this kind of climate data and
information can help make those minor shifts in one direction or another” (Bartels et al.
2012a).

7.4 Assessment and Research Needs

Climate change impact and adaption research needs in agriculture include general
research needs relevant also to other agricultural regions and other sectors. However,
some of the research needs are more specific to agriculture in the SE USA.

General Research Needs

Current climate change impact and adaption assessments are often local-, method- and
assumption- specific and therefore not comparable. Standard assessment approaches
and protocols (e.g. comparable baselines), multi-GCM climate change scenarios and
multi-impact model applications to quantify the uncertainty of impact assessments
with links to local, national and international trade and market models are urgently
needed to better understand climate change impact and enable the development of ap-
propriate adaptation strategies, as outlined in the Agriculture Model Intercomparison
and Improvement Project-AgMIP (Rosenzweig et al. 2012).

The application of climate change impact models is also limited by the lack of suit-
able climate datasets for historical and projected climates. These climate datasets need
to provide daily data that include maximum and minimum temperatures, precipita-
tion, and solar radiation. To date, attempts to produce datasets through dynamical or
statistical downscaling of global climate models (GCMs) have not been successful.

Mechanistic crop simulation models have been important tools in efforts to ex-
trapolate how future climate will affect future crops. These mechanistic crop simula-
tion models use knowledge gained from experiments conducted in fields, controlled-
environments, across climate zones, rainfall regions, soil types, management regimes,
and crops, in order to project how crops will perform under different climate change
scenarios. Researchers have used these models to explore the impact of individual
climate change components and the combined effects of climate change scenarios on
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crop production and externalities. These models allow testing of various management
options and, to a lesser extent, varietal traits that can counteract the negative impacts of
climate change and maximize potential benefits of climate change. While these models
are simplifications of reality, they allow a first assessment of the complexity of climate
change impact and adaption options in agriculture. However, there are a number of
gaps in the global knowledge that apply to the SE USA that are needed to improve
mechanistic crop models and their application in climate adaptation studies. These gaps
include a better understanding of how combinations of various climate change factors
affect crops, in particularly heat stress; how specific climate change factors affect plant-
water relations; how climate change affects internal crop feedbacks such as sink-source
relations; and how extreme events will affect crops. These needs are briefly discussed in
the following paragraphs.

Temperature and CO,,. Effects of elevated CO, and temperature are often not considered
in crop models although they may be significant. For example, reduction of transpira-
tion canopy cooling as a result of elevated CO, and stomata closure can increase pollen
sterility in rice (Ziska and Bunce 2007). As the frequency of extreme high temperatures
(>32°C (89.6°F) during the growing season increases, interactions with elevated CO,
need to be understood and considered (Attri and Rathore 2003). Amthor (2001) indi-
cated a reduction of yield with elevated CO, in combination with warming for wheat,
compared with elevated CO, alone. Alonso and et al. (2008) found a higher photosyn-
thetic temperature optimum in cereals under elevated CO,. No such beneficial interac-
tive effects were observed for rice, soybean, peanut, dry bean, or sorghum, although in-
dependent main effects of temperature or CO, were present (Boote et al. 2005, Hatfield
et al. 2011).

Crop models need to be tested with data sets of interactive effects to ensure validity
for climate change scenarios as suggested by Boote et al. (2010). Similarly, interaction
effects of elevated CO, and flooded conditions; salinity (Ziska and Bunce 2007); and
soil constraints, such as compactions, sub-soil toxicity, or transient waterlogging are
unknown, but need to be considered (Probert and Keating 2000). Due to the interactive
effects and feedbacks that emerge when climate factors are combined, experiments in
which only single factors are manipulated are likely to be inadequate to fully predict
the impacts of future climate change (Dermody 2006).

Warming, reduced water, and elevated CO,. Studies have simulated elevated CO, and
warming with reduced water supply, specific rainfall patterns, and a range of soil
water holding capacities under various climate impact scenarios. Elevated CO, and
increased temperatures will have different effects on physiological processes (Triboi et
al. 2006), such as sink-source (or demand of grains for assimilates versus supply of as-
similates from photosynthesis and remobilization) relationships of grain yield (Fischer
2008, Sinclair and Jamieson 2006). For example, wheat grain yield has been reported to
be reduced under elevated CO, in sink-manipulated shoots (e.g., by removing growing
grain from ears), implying that a high source-sink ratio might down-regulate photosyn-
thetic capacity to an extent that more than offsets the stimulating effect of elevated CO,
(Uddling et al. 2008). However, these models have never been tested with experimen-
tal data with such interactions as treatments even though the combined effects could
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be very different to the sum of single factor effects. For example, in one study, the net
primary production response of grasslands to increased atmospheric CO,, temperature,
rainfall, and nitrogen deposition differed greatly from simple combinations of single
factor responses (Shaw et al. 2002). In addition, simulation studies generally ignore the
different response of genotypes to increasing CO, concentrations shown in some exper-
iments (Manderscheid and Weigel 1997, Slafer and Rawson 1997). However, Boote et al.
(2011) conducted model simulations of genetic improvements in soybeans and found
certain traits gave a greater response under elevated CO, than under ambient CO, and
that heat-tolerance traits for grain set were more beneficial under elevated temperature
conditions. Such analysis gives plant breeders a chance to target genetics to adapt to
future climate change. Linking crop models with the underlying genetic structure of
crops (Hammer et al. 2006) might help identify and incorporate genetic traits that will
help crops adapt to future climates. However, little is known about CO, acclimatization
of crops and hence this is also absent from simulation studies.

Potassium and phosphorus. Most crop models consider nitrogen (N). Other nutrients
such as potassium and phosphorus can also limit growth under elevated CO, condi-
tions (Hungate et al. 2003, Ziska and Bunce 2007), but models do not usually consider
them in climate impact studies. Both model simulations and field experiments indicate
that response to CQO, is less under N-limitation while response to CO, under water limi-
tation is greater in field experiments and model simulations (Boote et al. 2010, Kimball
2010). Nutrients could also limit crop growth when climate change alters soil factors or
restricts root growth needed for nutrient uptake (Brouder and Volenec 2008).

Yield quality. Climate factors often affect yield quality, such as protein composition
and oil content (Kimball et al. 2001), but models do not simulate these effects as well as
they simulate yield. Simulation studies on climate change impacts will require incorpo-
rating a better understanding of the physiology of yield quality into crop models.

Temperature thresholds. Changes in specific climate thresholds could become critical.
For example, changes in minimum or maximum temperatures are likely to have greater
importance than changes in mean temperatures for grain yields, so crop models may
require modifications to respond appropriately to changes in minimum and maximum
temperatures (Fischer 2007).

Modeling growth events. In developmental stages of growth, crops can be sensitive to
various climate-related stresses. For example, cereals are highly sensitive to frost during
flowering. Models still face challenges in representing and quantifying growth impacts
from extreme events such as heat stress, frost, and flooding at specific growth stages.

New cultivars and farming systems. In addition to improved modeling capacities and
adaptation options in agriculture, research is needed to investigate new cultivars and
better adapted species for the projected climate change scenarios (Tester and Langridge
2010). In particular, crop varieties are needed that take advantage of elevated atmo-
spheric CO, concentrations, resist heat stress and frost events, and are more water-use
efficient. Also needed are drought-tolerant farming systems (Katsvairo et al. 2006) as
well as methods for sequestering more carbon in soils (Lal 2004). For many agricultural
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regions, new crop varieties, cropping systems, and agricultural management strategies
are needed to provide options to farmers to counterbalance climate changes (Boote
2011).

Livestock and poultry. Livestock and poultry production have many similar research
needs to those of crops, though there has been less research to improve understand-
ing of climate change effects on livestock and poultry production systems. Interactions
exist among temperature, humidity, and other environmental factors which, in turn,
influence energy exchange. Indices or measures that reflect these interactions remain
ill-defined, but research to improve them is underway. Developing new breeds and ge-
netic types, improving animal health, and enhancing water and soil would support ad-
aptation measures over the long term. An improved understanding of climate change
impacts on pastureland should be sought through comprehensive studies that include
grazing regimes, mutualistic relationships (e.g., plant roots-nematodes; nitrogen-fixing
organisms), as well as the balance of carbon, nutrients and water (Hatfield et al. 2011).
Studies addressing the impacts of climate changes on parasites and pathogens that ef-
fect livestock and poultry are needed.

Seasonal forecast models. As rainfall in the SE USA is variable and likely to become
more variable, skillful seasonal rainfall forecasts also will be crucial. Similar seasonal
forecasting systems are needed for extreme events, including heat, frost, hurricanes,
and tornados to improve planning and adaptation to seasonal climate variability and
change.

Specific Research Needs for the SE USA

With its diversity and production of specialty crops, the SE USA has specific research
needs unique to the region in addition to those mentioned in the previous section. Such
research is essential for agriculture to remain socially, economically, and environmen-
tally sustainable in light of a changing climate and growing population. Following are
some of those needs.

Climate datasets and collaboration between agricultural and climate modelers. To
be used in impact simulation models, especially agriculture and hydrology, GCM and
downscaled outputs must be evaluated at a daily time-step. Climate modelers do not
generally evaluate the performance of models based on daily data outputs; they gener-
ally analyze seasonal or annual averages. Appropriate application of models to condi-
tions in the SE requires climate datasets that provide daily data including maximum
and minimum temperatures, precipitation, and solar radiation.

Initial efforts to include daily information from SE regional climate models (RCMs)
in crop simulation models were unsuccessful because the RCMs simulated small
amounts of rainfall daily rather than as discrete storm-related events (Jagtap 2005,
pers. comm.). Efforts to use statistically downscaled general circulation models out-
puts for the SE also failed because the datasets included freeze events during summer
months (Baigorria 2011, pers. comm.), a condition that does not currently exist and is
not projected to occur in the future. Clearly, enhanced collaboration between climate
and agricultural simulation modelers would benefit both parties (Rosenzweig et al.
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2012) and would help identify anomalous events, such as a freeze during the summer,
thereby helping climate scientists improve their methods.

Integrated, participatory, systems research approaches. Traditional agricultural
research has followed a linear approach from research scientist to extension agent to
farmer. To address the complex issues of sustainability in the face of changing and
variable climate, research should follow a new paradigm —one that emphasizes the
integration of research, teaching, and extension; invites the participation of decision
makers throughout the research process; and assembles the diverse elements of agricul-
ture through a systems approach (e.g., Breuer et al. 2009 and 2010, Bartels et al. 2012a,
Roncoli 2006). Plant and livestock breeding and management research also are impor-
tant elements to the overall agricultural research portfolio regarding climate change,
but they should be incorporated into integrated approaches to assure that they contrib-
ute to agricultural sustainability. There is also a need for specific research in integrated
climate impact and adaptation assessment in agriculture for Puerto Rico and the Virgin
Islands as part of the SE, which is currently lacking.

Water and land resource policies. Population increases in the SE have led the nation
for several decades and are likely to continue. As a result, urban sprawl and water
demands from municipal, energy, and other sectors will increasingly compete with ag-
ricultural uses. Initial research shows that there is a strong interaction between changes
in agricultural land use/land cover and regional climate. Policy research will be es-
sential to balance these competing demands for land and water resources. Research on
water resource issues should evaluate agricultural competitiveness in the SE both for
its ability to meet food, fiber, and fuel needs of the region as well as its contributions to
the national and global production (Marcus and Kiebzak 2008).

Mitigation and adaptation technologies and systems. Researchers are working with
farmers in the SE to develop and assess technologies to mitigate and adapt to climate
variability and change. Additional, albeit similar, research is needed to identify, de-
velop and incorporate adaptive technologies into agricultural systems. These technolo-
gies should be evaluated based on their carbon, energy, water, and nutrient balances as
well as life cycle, risk, and economic analysis, though such analyses are rarely applied
to agricultural research and development.

7.5 References

Alexandrov, V.A. and G. Hoogenboom. 2001. Climate variation and crop production in Georgia,
USA, during the twentieth century. Climate Research 17 (1): 33-43.

Allen Jr., L.H., V.G. Krakani, ].C. Vu, K.J. Boote. 2011. Elevated CO, increases water use efficiency
by sustaining photosynthesis of water-limited maize and sorgum. Journal of Plant Physiology
168 (16): 1909-1918.

Alonso, A., P. Perez, R. Morcuende, R. Martinez-Carrasco. 2008. Future CO2 concentrations,
though not warmer temperatures, enhance wheat photosynthesis temperature responses.
Physiologia Plantarum 132 (1): 102-112.

Amani, I, R.A. Fischer, M.P. Reynolds. 1996. Canopy temperature depression association with
yield of irrigated spring wheat cultivars in a hot climate. Journal of Agronomy and Crop Science
76 (20): 119-129.

155



156 CLIMATE OF THE SOUTHEAST UNITED STATES

Amundson, J.L., T.L. Mader, R.J. Rasby, Q.S. Hu. 2005. Temperature and temperature-humidity
index effects on pregnancy rate in beef cattle. Proceedings 17th Intl. Congress on Biometeorology,
September 2005. Dettscher Wetterdienst, Offenbach, Germany.

Amthor, ].S. 2001. Effects of atmospheric CO, concentration on wheat yield: Review of results from ex-
periments using various approaches to control CO, concentration. Field Crops Research 73 (1): 1-34.

Anderson, G., L. Filleryl, F. Dunin, P. Dolling, S. Asseng. 1998. Nitrogen and water flows under
pasture-wheat and lupin-wheat rotations in deep sands in Western Australia. 2. Drainage
and nitrate leaching. Australian Journal of Agricultural Research 49 (30): 345-362.

Angus, J., R. Cunningham, M. Moncur, D. Mackenzie. 1981. Phasic development in field crops 1.
Thermal response in the seedling phase. Field Crops Research, 3 (1980): 365-378.

Arkansas Farm Bureau. Flooding to cost Arkansas agriculture over $500 million. The Delta Farm
Press May 10, 2011.

ASP. 2011. Pay now, pay later, American security project— Arkansas, Louisiana, Missis-
sippi, Kentucky, Tennessee, Virginia, North Carolina, South Carolina, Alabama, Georgia,
and Florida. Accessed September 10, 2012. http://americansecurityproject.org/issues/
climate-energy-and-security/climate-change/pay-now-pay-later/

Attri, S. and L. Rathore. 2003. Simulation of impact of projected climate change on wheat in In-
dia. International Journal of Climatology 23 (6): 693-705.

Baethgen, W.E., H. Meinke, A. Gimenez. 2003. Adaptation of agricultural production systems to
climate variability and climate change: Lessons learned and proposed research approach.
Paper presented at ClimateAdaptation.net conference Insights and Tools for Adaptation:
Learning from Climate Variability, Washington, DC, November 18-20, 2003.

Baker, J.T., K.J. Boote, L.H. Allen. 1995. Potential climate change effects on rice: Carbon dioxide
and temperature. In Climate Change and Agriculture: Analysis of Potential International Impacts,
ed. C. Rosenzweig, ].W. Jones, L.H. Allen. ASA Spec. Pub. No. 59, ASA-CSSA-SSSA, Madi-
son, WI, USA.

Bannayan, M. and G. Hoogenboom. 2008. Weather analogue: A tool for real-time prediction of
daily weather data realizations based on a modified k-nearest neighbor approach. Environ-
mental Modelling & Software 23 (6): 703-713.

Bannayan, M., C.M. Tojo Soler, A. Garcia y. Garcia, L.C. Guerra, G. Hoogenboom. 2009. Interac-
tive effects of elevated [CO,] and temperature on growth and development of a short- and
long-season peanut cultivar. Climatic Change 93 (3-4): 389-406.

Bartels, W., C.A. Furman, F. Royce, B. Ortiz, D. Zierden, C. Fraisse. 2012a. Developing a learning
community: Lessons from a climate working group for agriculture in the southeast USA. In
SECC & FCI Technical Report 12-001. Albany, GA: Southeast Climate Consortium and Federa-
tion of Southern Cooperatives/Land Assistance Fund.

Bartels, W., C.A. Furman, F. Royce. 2012b. Agricultural adapatation to climate variability and
change among African growers in the southeast USA. In Southeast Climate Consortium Tech-
nical Report Series: 12-002. Albany, GA: Southeast Climate Consortium and Federation of
Southern Cooperatives/Land Assistance Fund.

Ben-Asher, J., A.G.Y. Garcia, G. Hoogenboom. 2008. Effect of high temperature on photosynthe-
sis and transpiration of sweet corn (Zea mays L. var. rugosa). Photosynthetica 46 (4): 595-603.

Boote, K.J. 2011. Improving soybean cultivars for adaptation to climate change and climate vari-
ability. In Crop adaptation to climate change, ed. S.S. Yadav, R.J. Redden, J.L. Hatfield, H. Lotze-
Campen, and A.E. Hall, 370-395. West Sussex, United Kingdom: Wiley-Blackwell.

Boote, K.J., AAM.H. Ibrahim, R. Lafitte, R. McCulley, C. Messina, S.C. Murray, J.E. Specht, S. Tay-
lor, ML.E. Westgate, K. Glasener, C.G. Bijl, ].H. Giese. 2011. Position statement on crop adap-
tation to climate change. Crop Science 51 (6): 2337-2343.



Agriculture and Climate Change in the Southeast USA

Boote, K.J., L.H. Allen Jr., P.V. Prasad, ].W. Jones. 2010. Testing effects of climate change in crop
models. In Handbook of climate change and agroecosystems: Impacts, adaptation, and mitigation,
ed. D. Hillel and C. Rosenzweig, 109-129. London, United Kingdom: Imperial College Press.

Boote, K.J., L.H. Allen Jr., P.V. Prasad, ].T. Baker, R W. Gesch, A.M. Synder, D. Pan, ].M. Thomas.
2005. Elevated temperature and CO, impact pollination, reproductive growth and yield of
globally important crops. Journal of Agricultural Meteorology 60 (5): 469-474.

Boote, K.J., ].W. Jones, G. Hoogenboom. 2008. Crop simulation models as tools for agro-adviso-
ries for weather and disease effects on production. Journal of Agrometeorology (Indian) 10 (Spe-
cial Issue Part 1): 9-17.

Borisova, T., N.E. Breuer, R. Carriker. 2008. Economic impacts of climate change on Florida: Esti-
mates from two studies. EDIS and University of Florida-IFAS, No. FE787.

Breuer, N.E., V.E. Cabrera, K.T. Ingram, K. Broad, P.E. Hildebrand. 2008. AgClimate: A case study
in participatory decision support system development. Climatic Change 87 (3-4): 385-403.
Breuer, N.E., C.W. Fraisse, V.E. Cabrera. 2010. The cooperative extension service as a boundary or-

ganization for diffusion of climate forecasts: A 5-Year study. Journal of Extension 48 (4): 4RIB7.

Breuer, N.E., C.W. Fraisse, P.E. Hildebrand. 2009. Molding the pipeline into a loop: the participa-
tory process of developing AgroClimate, a decision support system for climate risk reduc-
tion in agriculture. Journal of Service Climatology 3 (1): 1-12.

Brouder, S. and J. Volenec. 2008. Impact of climate change on crop nutrient and water use effi-
ciencies. Physiologia Plantarum 133 (4): 705-724.

Cabrera, V.E., N.E. Breuer, P.E. Hildebrand. 2008. Participatory modeling of North Florida dairy
farm systems: A method for building climate variability into farm models. Climatic Change 89
(3): 395-409.

Cabrera, V.E, C.W. Fraisse, D. Letson, G. Podesta, ]. Novak. 2006. Impact of climate information
on reducing farm risk by optimizing crop insurance strategy. Transactions of the ASABE 49
(4): 1223-1233.

Calderini, D., R. Savin, L. Abeledo, M. Reynolds, G. Slafer. 2001. The importance of the period
immediately preceding anthesis for grain weight determination in wheat. Euphytica 119 (1-
2): 199-204.

Carpio, C.E., D.W. Hughes, O. Isengildina, T.N. Hasing, M. Scott, D. Lamie, S. Zapata, D.
Swindall. 2008. Comphrehensive assessment of the South Carolina agribusiness cluster. Ac-
cessed 17 September 2012. http://www.clemson.edu/public/ciecd/focus_areas/research/files/
Complete%20Report%20MarketSearchJuly2909.pdf

CIER (Center for Integrative Environmental Research). 2008a. Economic impact of climate
change on North Carolina. College Park, MD: University of Maryland.

CIER (Center for Integrative Environmental Research). 2008b. Economic impact of climate
change on Georgia. College Park, MD: University of Maryland.

Cohen, M.R. 2009. A clean energy economy for Arkansas: Analysis of the rural economic development
potential of renewable resources. New York, NY: Natural Resources Defense Council.

http://www.nrdc.org/energy/cleanar/files/cleanar.pdf

Crane, T., C. Roncoli, N.E. Breuer, K. Broad, ]. Paz, C. Fraisse, K. Ingram, D. Zierden, G. Hoogen-
boom. 2010. Forecast skill and farmers” skills: Seasonal climate forecasts and agricultural risk
management in the southeastern United States. Weather Climate Society 2 (1): 44-59.

Crane, T.A., C. Roncoli, G. Hoogenboom. 2011. Adaptation to climate change and climate vari-
ability: The importance of understanding agriculture as performance. NJAS-Wageningen Jour-
nal of Life Sciences 57 (3-4): 179-185.

Commonwealth of Virginia, Department of Mines, Minerals and Energy. Accessed 10 September
2012. http://www.dmme.virginia.gov/

157



158

CLIMATE OF THE SOUTHEAST UNITED STATES

Davenport, L. 2007. Climate change and its potential effect on Alabama’s plant life. Paper pre-
sented at Alabama Environmental Education Consortium conference Climate Change and
Alabama: Prospects and Options, Birmingham, AL, November 4, 2006.

Deng, X.H., B.J. Barnett, G. Hoogenboom, Y.Z. Yu, A. Garcia y Garcia. 2008. Alternative crop in-
surance indexes. Journal of Agricultural and Applied Economics 40 (1): 223-237.

Dermody, O. 2006. Mucking through multifactor experiments; design and analysis of multifactor
studies in global change research. New Phytologist 172 (4): 598-600.

Dracup, M., P. Gregory, R. Belford. 1993. Restricted growth of lupin and wheat roots in the
sandy: A horizon of a yellow duplex soil. Australian Journal of Agricultural Research 44 (6):
1273-1290.

Drake, B., M. Gonzalez-Meler, S. Long. 1997. More efficient plants: A consequence of rising atmo-
spheric CO,? Annual Review of Plant Physiology and Plant Molecular Biology 48 (1): 609-639.

Easterling, W. 2007. Climate change and the adequacy of food and timber in the 21st cen-
tury. Proceedings of the National Academy of Sciences of the United States of America 104 (50):
19679-19679.

ERS (Economic Research Service). 2010. USDA state fact sheets: Mississippi. Washington, DC:
USDA (United States Department of Agriculture).

Farquhar, G.D., D.R. Dubbe, K. Raschke. 1978. Gain of the feedback loop involving carbon diox-
ide and stomata. Plant Physiology 62 (30): 406-412.

Ferris, R, R. Ellis, T. Wheeler, P. Hadley. 1998. Effect of high temperature stress at anthesis on
grain yield and biomass of field-grown crops of wheat. Annals of Botany 82 (5): 631-639.
Fischer, R. 1979. Growth and water limitation to dryland wheat yield in Australia: A physiologi-

cal framework. Journal of the Australian Institute of Agricultural Science 45 (2): 83-94.

Fischer, R. 2007. Understanding the physiological basis of yield potential in wheat. Journal of Ag-
ricultural Science 145 (2): 99-113.

Fischer, R. 2008. The importance of grain or kernel number in wheat: A reply to Sinclair and Ja-
mieson. Field Crops Research 105 (1-2): 15-21.

Folke, C., J. Colding, and F. Berkes. 2003. Synthesis: Building resilience and adaptive capacity in
social-ecological systems. 352-387. In Navigating social-ecological systems: Building resil-
ience for complexity and change, ed. F. Berkes et al. Cambridge Univ. Press, Cambridge, UK.

Folland, C., N. Rayner, S. Brown, T. Smith, S. Shen, D. Parker, I. Macadam, P. Jones, R. Jones, N.
Nicholls, D. Sexton. 2001. Global temperature change and its uncertainties since 1861. Geo-
physical Research Letters 28 (13): 2621-2624.

Fraisse, C.W., N.E. Breuer, D. Zierden, K.T. Ingram. 2009. From climate variability to climate
change: Challenges and opportunities to extension. Journal of Extension 47 (2): 2FEA9.

Fraisse, C., N. Breuer, D. Zierden, J. Bellow, J. Paz, V. Cabrera, A. Garcia, K. Ingram, U. Hatch, G.
Hoogenboom, J. Jones, J. O’Brien. 2006. AgClimate: A climate forecast information system
for agricultural risk management in the southeastern USA. Computers and Electronics in Agri-
culture 53 (1): 13-27.

Frank, K.L., T.L. Mader, J.A. Harrington, G.L. Hahn, M.S. Davis. 2001. Climate change effects on
livestock production in the Great Plains. Proceedings 6th International Livestock Environment

Symposium, American Society of Agricultural Engineers, St. Joseph, MI: 351-358.

Furman, C., C. Roncoli, T. Crane, ]J. Paz, G. Hoogenboom. 2009. Managing risk in climate varia-
tion among Georgia organic farmers. In Southeast Climate Consortium Technical Report Series:
09-003. Gainesville, FL: Southeast Climate Consortium.

Furman, C., C. Roncoli, T. Crane, G. Hoogenboom. 2011. Beyond the “fit”: Introducing climate
forecasts among organic farmers in Georgia (United States). Climatic Change 109 (3): 791-799.



Agriculture and Climate Change in the Southeast USA

Garcia, R, S. Long, G. Wall, C. Osborne, B. Kimball, G. Nie, P. Pinter, R. Lamorte, F. Wechsung.
1998. Photosynthesis and conductance of spring-wheat leaves: Field response to continuous
free-air atmospheric CO, enrichment. Plant, Cell and Environment 21 (7): 659-669.

Garcia y Garcia, A., L.C. Guerra, G. Hoogenboom. 2009. Water use and water use efficiency of
sweet corn under different weather conditions and soil moisture regimes. Agricultural Water
Management 96 (10): 1369-1376.

Garcia y Garcia, A., G. Hoogenboom, L.C. Guerra, ].O. Paz, C.W. Fraisse. 2006. Analysis of the
inter-annual variation of peanut yield in Georgia using a dynamic crop simulation model.
Transactions of the ASABE 49 (6): 2005-2015.

Garcia y Garcia, A., T. Persson, L.C. Guerra, G. Hoogenboom. 2010a. Response of soybean geno-
types to different irrigation regimes in a humid region of the southeastern USA. Agricultural
Water Management 97 (7): 981-987.

Garcia y Garcia, A., T. Persson, J.O. Paz, C. Fraisse, G. Hoogenboom. 2010b. ENSO-based climate
variability affects water use efficiency of rainfed cotton grown in the southeastern USA. Ag-
riculture, Ecosystems & Environment 139 (4): 629-635.

Goudriaan, J. and H.H. Van Laar. 1994. Modelling potential crop growth processes: Textbook with Ex-
ercises. Dordrecht, The Netherlands: Kluwer Academic Publishers.

GRACEnet. “A Unified Response to Climate Change”. Accessed September 17, 2012. http://www.
ars.usda.gov/is/AR/archive/nov09/gracenet1109.htm.

Gunderson, L.H. and C.S. Holling, editors. Panarchy: Understanding Transformations in Human
and Natural Systems. Island Press, Washington.

Hahn, G.L. 1999. Dynamic responses of cattle to thermal heat loads. Journal of Animal Science 77,
10-20.

Hammer, G., M. Cooper, F. Tardieu, S. Welch, B. Walsh, F. van Eeuwijk, S. Chapman, D. Podlich.
2006. Models for navigating biological complexity in breeding improved crop plants. Trends
in Plant Science 11 (12): 587-593.

Hatfield, J.L., K.J. Boote, B.A. Kimball, R.C. Izaurralde, D. Ort, A. Thomson, D.W. Wolfe. 2011.
Climate impacts on agriculture: Implications for crop production. Agronomy Journal 103 (2):
351-370.

Hauserman, J. 2007. The bottom line in the sand. St. Petersburg Times, January 28.

Hayhoe, K., C.P. Wake, T.G. Huntington, L.F. Luo, M.D. Schwartz, J. Sheffield, E. Wood, B. An-
derson, J. Bradbury, A. DeGaetano, T.]J. Troy, D. Wolfe. 2007. Past and future changes in cli-
mate and hydrological indicators in the US northeast. Climate Dynamics 28 (4): 381-407.

Hayhoe, K., C.P. Wake, T.G. Huntington, L.F. Luo, M.D. Schwartz, J. Sheffield, E. Wood, B. An-
derson, J. Bradbury, A. DeGaetano, T.J. Troy, D. Wolfe. 2007. Past and future changes in cli-
mate and hydrological indicators in the US northeast. Climate Dynamics 28 (4): 381-407.

Hignight, ]J.A., S. Stiles, E.J. Wailes, B. Watkins, W.P. Miller. 2009. Final estimates of Arkansas
crop losses from poor harvest conditions in 2009-December 10, 2009. In Staff Papers No. 56391
from University of Arkansas Department of Agricultural Economics and Agribusiness. Fayetteville,
AR: University of Arkansas.

Hungate, B., J. Dukes, M. Shaw, Y. Luo, C. Field. 2003. Nitrogen and climate change. Science 302
(5650): 1512-1513.

Ingram, K.T., J.JW. Jones, J.J. O'Brien, M.C. Roncoli, C. Fraisse, N.E. Breuer, W.L. Bartels, D. Zi-
erden, D. Letson. 2012. Vulnerability and adaptability of agricultural systems in the south-
east USA to climate variability and climate change. In Climate change in the Midwest: Impacts,
risks, vulnerability and adaptation, ed. S.C. Pryor. Bloomington, IN Indiana University Press.

IPCC (Intergovernmental Panel on Climate Change). 2007. Climate Change 2007: The Physical Science
Basis. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel

159



160

CLIMATE OF THE SOUTHEAST UNITED STATES

on Climate Change, ed. S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M.
Tignor and H.L. Miller, 749-844. New York and United Kingdom: Cambridge University Press.

Izquierdo, N., L. Aguirrezabal, F. Andrade, V. Pereyra. 2002. Night temperature affects fatty acid
composition in sunflower oil depending on the hybrid and the phenological stage. Field
Crops Research 77 (2-3): 115-126.

Jiang, D., X. Fan, T. Dai, W. Cao. 2008. Nitrogen fertiliser rate and post-anthesis waterlogging ef-
fects on carbohydrate and nitrogen dynamics in wheat. Plant and Soil 304 (1-2): 301-314.
Kang, S., F. Zhang, X. Hu, J. Zhang. 2002. Benefits of CO, enrichment on crop plants are modified

by soil water status. Plant and Soil 238 (1): 69-77.

Katsvairo, T., J. Rich, R. Dunn. 2006. Perennial grass rotation: An effective and challenging tactic
for nematode management with many other positive effects. Pest Management Science 62 (9):
793-796.

Kimball, B., C. Morris, P. Pinter, G. Wall, D. Hunsaker, F. Adamsen, R. LaMorte, S. Leavitt, T.
Thompson, A. Matthias, T. Brooks. 2001. Elevated CO,, drought and soil nitrogen effects on
wheat grain quality. New Phytologist 150 (2): 295-303.

Kimball, B.A. 2010. Lessons from FACE: CO, effects and interactions with water, nitrogen and
temperature. In Handbook of climate change and agroecosystems—Impacts, adaptation, and mitiga-
tion, ed. D. Hillel and C. Rosenzweig, 87-107. London: Imperial College Press.

Klinedinst, P.L., D.A. Wilhite, G.L. Hahn, K.G. Hubbard. 1993. The potential effects of climate
change on summer season dairy cattle milk production and reproduction. Climatic Change
23:21-36.

Lal, R. 2004. Soil carbon sequestration to mitigate climate change. Geoderma 123 (1-2): 1-22.

Lal, R,, J.A. Delgado, P.M. Groffman, N. Millar, C. Dell, A. Rotz. 2011. Management to mitigate
and adapt to climate change. Journal of Soil and Water Conservation 66 (4): 276-285.

Lawlor, D.W. and R.A.C. Mitchell. 2000. Crop ecosystems responses to climatic change: Wheat.
In Climate change and global crop productivity, ed. K. Raja Reddy and H.F. Hodges, 57-80. Wall-
ingford, United Kingdom: CABI Publishing.

Leiserowitz, A., E. Maibach, C. Roser-Renouf. 2008. Global warming’s “Six Americas”: An audience
segmentation. New Haven, CT: Yale Project on Climate Change.

Lin, S., ].D. Mullen, G. Hoogenboom, S.S. Lin. 2008. Farm-level risk management using irrigation
and weather derivatives. Journal of Agricultural and Applied Economics 40 (2): 485-492.

Lobell, D. 2007. Changes in diurnal temperature range and national cereal yields. Agricultural and
Forest Meteorology 145 (3-4): 229-238.

Lobell, D. and C. Field. 2007. Global scale climate-crop yield relationships and the impacts of re-
cent warming. Environmental Research Letter, 2 (1).

Long, S.P., E.A. Ainsworth, A.D.B. Leakey, J. Nosberger, D.R. Ort. 2006. Food for thought: Low-
er-than-expected crop yield stimulation with rising CO, concentrations. Science 312 (5782):
1918-1921.

Lott, N. and T. Ross. 2006. Tracking and evaluating U.S. billion dollar weather disasters, 1980-2005.
National Oceanic and Atmospheric Administration National Climatic Data Center. Accessed
17 September 2012. http://www1.ncdc.noaa.gov/pub/data/papers/200686ams1.2nlfree.pdf

Lu, Z.,].W. Radin, E.L. Turcotte, R. Percy, E. Zeiger. 1994. High yields in advanced lines of Pima
cotton are associated with higher stomatal conductance, reduced leaf area and lower leaf
temperature. Physiologia Plantarum 92 (2): 266-272.

Ludwig, F. and S. Asseng. 2010. Adaptation of wheat systems to climate change through the in-
troduction of plant traits related to early vigor and flowering time. Agricultural Systems 103:
127-136.

Luscombe R. As Florida Keys residents confront rising sea levels, what lessons? The Christian Sci-
ence Monitor March 4, 2010.



Agriculture and Climate Change in the Southeast USA

Ma, H,, J. Zhu, Z. Xie, G. Liu, Q. Zeng, Y. Han. 2007. Responses of rice and winter wheat to free-
air CO, enrichment (China FACE) at rice/wheat rotation system. Plant and Soil 294 (1-2):
137-146.

Mader, T.L. 2003. Environmental stress in confined beef cattle. Journal of Animal Science 81:
110-119.

Mader, T.L., ].M. Gaughan, B.A. Young. 1999. Feedlot diet roughage level of Hereford cattle ex-
posed to excessive heat load. Professional Animal Scientist 15: 53-62.

Manderscheid, R. and H. Weigel. 1997. Photosynthetic and growth responses of old and modern
spring wheat cultivars to atmospheric CO2 enrichment. Agriculture, Ecosystems & Environ-
ment 64 (1): 65-73.

Manderscheid, R. and H. Weigel. 2007. Drought stress effects on wheat are mitigated by atmo-
spheric CO2 enrichment. Agronomy for Sustainable Development 27 (2): 79-87.

Marcus, R.R. and S. Kiebzak. 2008. The role of water doctrines in enhancing opportunities for
sustainable agriculture in Alabama. Journal of the American Water Resources Association (JAW-
RA) 44 (6): 1578-1590.

McCright, A. 2010. The effects of gender on climate change knowledge and concern in the Ameri-
can public. Population and Environment 32 (1): 66-87.

McNider, R.T., ].R. Christy, D. Moss, K. Doty, C. Handyside, A. Limaye, A. Garcia y Garcia, G.
Hoogenboom. 2011. A real-time gridded crop model for assessing spatial drought stress on
crops in the southeastern United States. Journal of Applied Meteorology and Climatology 50 (7):
1459-1475.

Menzel, A., T. Sparks, N. Estrella, E. Koch, A. Aasa, R. Ahas, K. Alm-Kubler, P. Bissolli, O.
Braslavska, A. Briede, F. Chmielewski, Z. Crepinsek, Y. Curnel, A. Dahl, C. Defila, A. Don-
nelly, Y. Filella, K. Jatcza, F. Mage, A. Mestre, O. Nordlj, ]. Penuelas, P. Pirinen, V. Remisova,
H. Scheifinger, M. Striz, A. Susnik, A. Van Vliet, F. Wielgolaski, S. Zach, A. Zust. 2006. Euro-
pean phenological response to climate change matches the warming pattern. Global Change
Biology 12 (10): 1969-1976.

Morison, J. 1985. Sensitivity of stomata and water-use efficiency of high CO2. Plant Cell and Envi-
ronment 8 (6): 467-474.

NCSL (National Conference of State Legislators). 2008. Assessing the Cost of Climate Change.
Accessed 10 September 2012. http://www.ncsl.org/issues-research/env-res/climate-change-
publications.aspx

Nicholls, N. 1997. Increased Australian wheat yield due to recent climate trends. Nature 387 (4):
484-485.

Nickerson, C., R. Ebel, A. Borchers, F. Carriazo. 2011. Major uses of land in the United States,
2007, EIB-89, US Department of Agriculture, Economic Research Service, December 2011.

Olatinwo, R.O,, ].O. Paz, R.C. Kemerait Jr., A K. Culbreath, G. Hoogenboom. 2010. El Nino-
Southern Oscillation (ENSO): Impact on tomato spotted wilt intensity in peanut and the im-
plication on yield. Crop Protection 29 (5): 448-453.

Olatinwo, R.O., T. Prabha, ].O. Paz, D.G. Riley, G. Hoogenboom. 2011. The Weather Research and
Forecasting (WRF) model: Application in prediction of TSWV-vectors populations. Journal
of Applied Entomology 135 (1-2): 81-90.

Peng, S., J. Huang, J. Sheehy, R. Laza, R. Visperas, X. Zhong, G. Centeno, G. Khush, K. Cassman.
2004a. Rice yields decline with higher night temperature from global warming. Proceedings
of the National Academy of Sciences of the United States of America 101 (27): 9971-9975.

Peng, S., R.C. Laza, R M. Visperas, G.S. Khush, P. Virk, D. Zhu. 2004b. Rice: progress in breaking
yield ceiling. In New directions for a diverse plant: Proceedings of the 4" International Crop Science
Congress, ed. T. Fischer, N. Turner, J. Angus, L. McIntyre, M. Robertson, A. Borrell, D. Lloyd.
Gosford, Australia: The Regional Institute Ltd.

161



162

CLIMATE OF THE SOUTHEAST UNITED STATES

Persson, T., A. Garcia y Garcia, ].O. Paz, C.W. Fraisse, G. Hoogenboom. 2010a. Reduction in
greenhouse gas emissions due to the use of bio-ethanol from wheat grain and straw pro-
duced in the south-eastern USA. The Journal of Agricultural Science 148 (5): 511-527.

Persson, T., A. Garcia y Garcia, J. Paz, J. Jones, G. Hoogenboom. 2009a. Maize ethanol feedstock
production and net energy value as affected by climate variability and crop management
practices. Agricultural Systems 100 (1-3): 11-21.

Persson, T., A. Garcia y Garcia, J.O. Paz, ].W. Jones, G. Hoogenboom. 2009b. Net energy value of
maize ethanol as a response to different climate and soil conditions in the southeastern USA.
Biomass and Bioenergy 33 (8): 1055-1064.

Persson, T., A. Garcia y Garcia, J.O. Paz, B.V. Ortiz, G. Hoogenboom. 2010b. Simulating the pro-
duction potential and net energy yield of maize-ethanol in the southeastern USA. European
Journal of Agronomy 32 (4): 272-279.

Persson, T., B.V. Ortiz, D.I. Bransby, W. Wu, G. Hoogenboom. 2011. Determining the impact of
climate and soil variability on switchgrass (Panicum virgatum L.) production in the south-
eastern USA; A simulation study. Biofuels, Bioproducts and Biorefining 5 (5): 505-518.

Prasad, P.V.V., L.H. Allen Jr., K.J. Boote. 2005. Crop responses to elevated carbon dioxide and in-
teraction with temperature: Grain legumes. Journal of Crop Improvement 13 (1-2): 113-155.

Probert, M. and B. Keating. 2000. What soil constraints should be included in crop and forest
models? Agriculture, Ecosystems & Environment 82 (1-3): 273-281.

Radin, JW., Z. Lu, R.G. Percy, E. Zeiger. 1994. Genetic variability for stomatal conductance in
Pima cotton and its relation to improvements of heat adaptation. Proceedings of the National
Academy of Science of the United States of America 91 (15): 7217-7221.

Randall, P. and H. Moss. 1990. Some effect of temperature regime during grain filling on wheat
quality. Australian Journal of Agricultural Research 41 (4): 603-617.

Reynolds, C., L. Crompton, J. Mills. 2010. Livestock and climate change impacts in developing
world. Outlook in Agriculture 39: 245-248.

Ritschard, R., J. O’Brien, J. Cruise, U. Hatch, J. Jones, J. Shrikant, S. McNulty, B. Abt, B. Murray, J.
Cruise. 2002. Preparing for a changing climate: The potential consequences of climate variability and
change— Southeast. Washington, DC: US Global Change Research Program.

Roncoli, C. 2006. Ethnographic and participatory approaches to research on farmers’ responses to
climate predictions. Climate Research 33 (1): 81-99.

Rogers, G., P. Milham, M. Gillings, J. Conroy. 1996. Sink strength may be the key to growth and
nitrogen responses in N-deficient wheat at elevated CO,. Australian Journal of Plant Physiology
23 (3): 253-264.

Rosenzweig, C., ].W. Jones, J.L. Hatfield, A.C. Ruane, K.J. Boote, P. Thorburn, ].M. Antle, G.C.
Nelson, C. Porter, S. Janssen, S. Asseng, B. Basso, F. Ewert, D. Wallach, G. Baigorria, J.M.
Winter. 2012. The agricultural model intercomparison and improvement project (AgMIP):
Protocols and pilot studies. Agricultural Forestry and Meteorology (in press).

Royce, F.S., C.W. Fraisse, G.A. Baigorria. 2011. ENSO classification indices and summer crop
yields in the southeastern USA. Agricultural and Forest Meteorology 151 (7): 817-826.

Sadras, V. and J. Monzon. 2006. Modelled wheat phenology captures rising temperature trends:
Shortened time to flowering and maturity in Australia and Argentina. Field Crops Research 99
(2-3): 136-146.

Sadras, V. and D. Rodriguez. 2007. The limit to wheat water-use efficiency in eastern Australia. II.
Influence of rainfall patterns. Australian Journal of Agricultural Research 58 (7): 657-669.

Schaible, G.D. 2004. Irrigation, Water Conservation, and Farm Size in the Western United States.
Amber Waves 2 (3): 8.

Shaw, M., E. Zavaleta, N. Chiariello, E. Cleland, H. Mooney, C. Field. 2002. Grassland responses
to global environmental changes suppressed by elevated CO,. Science 298 (5600): 1987-1990.



Agriculture and Climate Change in the Southeast USA

Sheehy, J.E., P.L. Mitchell, L.H. Allen, A.B. Ferrer. 2006a. Mathematical consequences of using
various empirical expressions of crop yield as a function of temperature. Field Crops Research
98 (2-3): 216-221.

Sheehy, J.E., P.L. Mitchell, A.B. Ferrer. 2006b. Decline in rice grain yields with temperature: Mod-
els and correlations can give different estimates. Field Crops Research 98 (2-3): 151-156.

Shepherd, .M. 2011. Carbon, climate change, and controversy. Animal Frontiers 1: 5-13.

Sinclair, T. and P. Jamieson. 2006. Grain number, wheat yield, and bottling beer: An analysis.
Field Crops Research 98 (1): 60-67.

Slafer, G. and H. Rawson. 1997. CO, effects on phasic development, leaf number and rate of leaf
appearance in wheat. Annals of Botany 79 (1): 75-81.

Smith, A.R., N.B. Smith, W.D. Shurley. 2011. Crop Comparison Tool, December Update. Exten-
sion Agricultural and Applied Economics Department, The University of Georgia. Accessed
12 September 2012. http://www.ces.uga.edu/Agriculture/agecon/printedbudgets.htm

SCSCO (South Carolina State Climatology Office). “The Impact of Climate Change on South
Carolina”. Accessed 17 September 2012. http://www.dnr.sc.gov/climate/sco/Publications/
climate_change_impacts.php

Spechler, R.M. 2001. The relation between structure and saltwater intrusion in the Floridan aqui-
fer system, Northeastern Florida. In US Geological Survey Karst Interest Group Proceedings,
Water-Resources Investigations Report 01-4011, ed. E.L. Kuniansky, 25-29. St. Petersburg, FL:
US Geological Survey.

Stanton, E. and F. Ackerman. 2007. Florida and climate change: The cost of inaction. Medford, MA:
Global Development and Environment Institute, Tufts University.

Tester, M. and P. Langridge. 2010. Breeding technologies to increase crop production in a chang-
ing world. Science 327 (5967): 818-822.

Triboi, E., P. Martre, C. Girousse, C. Ravel, A. Triboi-Blondel. 2006. Unravelling environmental
and genetic relationships between grain yield and nitrogen concentration for wheat. Euro-
pean Journal of Agronomy 25 (2): 108-118.

Triboi, E., P. Martre, A. Triboi-Blondel. 2003. Environmentally-induced changes in protein com-
position in developing grains of wheat are related to changes in total protein content. Journal
of Experimental Botany 54 (388): 1731-1742.

Tubiello, F., J. Soussana, S. Howden. 2007. Crop and pasture response to climate change. Proceed-
ings of the National Academy of Sciences of the United States of America 104 (50): 19686-19690.
Twilley, R. and R. Miller. 2001. Mississippi: State findings from confronting climate change in the

Gulf Coast Region: Prospects for sustaining our ecological heritage. In Confronting climate
change in the Gulf Coast Region: Prospects for sustaining out ecological heritage, ed. R.R. Twilley,
E.J. Barron, H.L. Gholz, M.A. Harwell, R.L. Miller, D.]J. Reed, J.B. Rose, E.H. Siemann, R.G.
Wetzel, and R.J. Zimmerman. Cambridge, MA: UCS Publications.

Uddling, J., J. Gelang-Alfredsson, P. Karlsson, G. Sellden, H. Pleijel. 2008. Source-sink balance of
wheat determines responsiveness of grain production to increased [CO,] and water supply.
Agriculture, Ecosystems & Environment 127 (3-4): 215-222.

UoA (University of Arkansas). 2010. Economic impact of Arkansas agriculture. Little Rock, AR: De-
partment of Agriculture, University of Arkansas. Accessed 12 September 2012. http://arkan-
sasagnews.uark.edu/Economic_Impact-2010.pdf

USDA-NASS (United States Department of Agriculture, National Agricultural Statistics Service).
2012. Agricultural Census. Accessed 10 September 2012. http://www.nass.usda.gov/

USDA-ERS (United States Department of Agriculture, Economic Research Service). 2010. States-
Fact-Sheets. Accessed 10 September 2012. http://www.ers.usda.gov/data-products/state-fact-
sheets.aspx

163



164

CLIMATE OF THE SOUTHEAST UNITED STATES

USDA (United States Department of Agriculture). 2007. Census of Agriculture. Accessed 10 Sep-
tember 2012. http://www.agcensus.usda.gov/Publications/2007/Full_Report/

USEIA (US Energy Information Admistration). 2010. State energy profile: Florida 2010.

Van Dijk, J., N. D. Sargison, F. Kenyon, P. J. Skuce. 2010. Climate change and infectious disease:
helminthological challenges to farmed ruminants in temperate regions. Animal 4 377-392.

Van Herwaarden, A., J. Angus, R. Richards, G. Farquhar. 1998. ‘Haying-off’, the negative grain
yield response of dryland wheat to nitrogen fertiliser II. Carbohydrate and protein dynam-
ics. Australian Journal of Agricultural Research 49 (7): 1083-1093.

Von Lehe, A. 2008. Climate change and South Carolina’s economy. Environmental Law Journal 16
(2): 358-390.

Wall, G.W. 2001. Elevated atmospheric CO, alleviates drought stress in wheat. Agriculture, Eco-
systems & Environment 87 (3): 261-271.

Weber, E. and P. Stern. 2011. Public understanding of climate change in the United States. Ameri-
can Psychologist 66 (4): 315-328.

Wheeler, T.R., G.R. Batts, R.H. Ellis, P. Hadley, ].I.L. Morison. 1996. Growth and yield of winter
wheat (Triticum aestivum) crops in response to CO, and temperature. The Journal of Agricul-
tural Science 127 (1): 37-48.

White, ].W., G. Hoogenboom, B.A. Kimball, G.W. Wall. 2011. Methodologies for simulating im-
pacts of climate change on crop production. Field Crops Research 124 (3): 357-368.

Wilbanks, T., K. Ebi, G. Hoogenboom, P. Kirshen. 2010. Climate change impacts in the southeast-
ern United States. Discussion paper prepared for Office of Air and Radiation and US Envi-
ronmental Protection Agency. Boulder, CO: Stratus Consulting Inc.

Wright D.L., J.J. Marois, C. Mackowiak, D. Zhao, G. Anguelov, C. Lamb. 2012. Sod-based/Live-
stock/Row Crop Integration: An Improved Conservation Farming System. In Conservation
Tillage Systems: Production, Profitability and Stewardship. Sustainable Agriculture Research
and Education (SARE) outreach office, USDA, Beltsville, MD.

Wrigley, C., C. Blumentha, P. Gras, E. Barlow. 1994. Temperature-variation during grain filling
and changes in wheat-grain quality. Australian Journal of Plant Physiology 21 (6): 875-885.
Wu, D., G. Wang, Y.Bai, J. Liao. 2004. Effects of elevated CO, concentration on growth, water use,
yield and grain quality of wheat under two soil water levels. Agriculture, Ecosystems & Envi-

ronment 104 (3): 493-507.

Yang, X., E. Lin, S. Ma, H. Ju, L. Guo, W. Xiong, Y. Li, Y. Xu. 2007. Adaptation of agriculture to
warming in northeast China. Climatic Change 84 (1): 45-58.

Yohe, G., and R.S.J. Tol. 2002. Indicators for social and economic coping capacity —moving to-
ward a working definition of adaptive capacity. Global Environmental Change 12: 25-40.

Yoon, S.T., G. Hoogenboom, I. Flitcroft, M. Bannayan. 2009. Growth and development of cotton
(Gossypium hirsutum L.) in response to CO, enrichment under two different temperature re-
gimes. Environmental and Experimental Botany 67 (1): 178-187.

Zhao, H., T. Dai, D. Jiang, W. Cao. 2008. Effects of high temperature on key enzymes involved in
starch and protein formation in grains of two wheat cultivars. Journal of Agronomy and Crop
Science 194 (1): 47-54.

Ziska, L. and ]. Bunce. 2007. Predicting the impact of changing CO, on crop yields: Some
thoughts on food. New Phytologist 175 (4): 607-618.



