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An Integrated Study of Climate Change Impacts on the U.S.

Livestock Sector

1. Introduction

The United States is the world’s largest producer of beef and poultry, the second largest milk
producer, and the third-largest producer of pork products (US Department of Agriculture, National
Agricultural Statistics Service 2021). Livestock and poultry typically account for over half of U.S.
agricultural cash receipts, with a total value exceeding $160 billion per year (US Department of
Agriculture, Economic Research Service 2022). As the primary provider of protein, livestock
products have been facing rapid growth in demand, and this increasing trend is expected to
continue in the following decades.

However, future livestock production is likely to be affected by climate change, either directly
through the loss of production or indirectly through resource use and resource competition
(Thornton et al. 2009). Figure 1 shows the two types of impacts of climate change on livestock.
The direct impacts mainly come from heat stress, the magnitude of which is affected by the
ambient temperature, humidity, animal species, and living conditions (Rojas-Downing et al. 2017).
As the future climate is projected to be warmer and there will more variations in the precipitation
patterns, heat stress threat may expand its influence and impose great challenges on livestock
section. A variety of studies have found that heat stress directly affects livestock through animal
production performance, reproduction, health conditions, and mortality rates (Bishop-Williams et
al. 2015; Fan 2018; Bagath et al. 2019; Wang and McCarl 2021; Cheng, McCarl and Fei 2021).
The livestock section is not only impacted by climate change through its own production rate, but

also through the input side, which is referred to as the indirect impact in many related studies
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(Collier et al. 2019). The indirect impacts comes from the climate change-induced crop and pasture
yield, water and land use, and the resulted feed cost and land need changes. Around 58% of the
global biomass harvested worldwide are used as feed for livestock (Krausmann et al. 2008). The
elevated atmospheric CO; level and temperature may lead to changes in forage quantity and quality,
as well as the length of growing seasons (Polley et al. 2013). As forage quantity and quality
decrease, more resources might be needed to satisfy livestock feed requirements. The increasing
demand for livestock products imposes a higher demand for resource usage, including forage,
water, and land. These all add to the climate change impact on livestock production through
competition for natural resources.

Although the livestock sector is facing significant challenges from the changing climate, not much
attention has been paid to the vulnerability of the livestock sector under climate change. There
exists a vast research gap in the studies of the integrated impacts of climate change on the livestock
sector and potential adaptation strategies to cope with climate change impact on the livestock
sector. In this research, we will fill the gaps in the literature by making a comprehensive analysis
of climate change impact on the US livestock sector, investigating the adaptation alternatives, the

consequential market responses, and the impacts on the consumers’ and producers’ welfare.
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Figure 1: Climate change impacts on livestock



2. Literature Review

For the past few decades, climate change has imposed significant impacts on agricultural
production, and it along with its drivers are projected to expand in influence with increasing
temperature, more variation in precipitation patterns, more frequent extreme climate events and
rising concentrations of carbon dioxide (Klein et al. 2014). Impacts of climate change on
agriculture production involve alterations in agricultural productivity and variability, water usage
and availability and production cost (pesticide, energy, etc.) (Chen and McCarl 2001; Reilly et al.
2003; Hatfield and Dold 2019).

Climate change implications for livestock production have been studied and are getting increasing
attention in recent years (Hristov et al. 2018; Rust 2019). Most of the studies on climate change
impacts on livestock are focusing on the direct physical impacts which mainly come from heat
stress (Ayo, Obidi and Rekwot 2011; Brown-Brandl 2018; Bagath et al. 2019; Thornton et al.
2021). Heat stress results from the ambient temperature exceeding animals’ thermal comfort zone
and animals’ incapable of dissipating sufficient heat to maintain homeothermy (West 1999).
Animals have their own adaptive mechanisms to keep heat homeostasis, including changes in
respiration rate, pulse rate, rectal temperature, sweating rate, and skin temperature (Rashamol et
al. 2020). However, as adaptive mechanisms try to re-establish homeothermy, animals' productive
and reproductive performance are compromised because extra energy is needed to survive in harsh
environmental conditions. The impaired performance includes a decrease in weight gain per unit
of feed energy, daily weight gain, milk and egg yield, and a decline in reproduction efficiency
(Rojas-Downing et al. 2017).

In terms of the indirect impacts of climate change on livestock production, climate change

indirectly influences livestock production through the effects on feed production, water availability,



and pest/pathogen populations (Rojas-Downing et al. 2017; Collier et al. 2019). The majority of
the literature focuses on crop productivity and associated economic implications. This literature
segment finds that changes in the climate have had spatially heterogeneous and crop-specific
effects on yields, which lead to production and welfare changes (Leng and Huang 2017; Kukal
and Irmak 2018). Additionally, various findings on crop yield and variability have arisen regarding
the effect of altered temperature and precipitation (McCarl, Villavicencio and Wu 2008; Schlenker
and Roberts 2009; Troy, Kipgen and Pal 2015). Studies have also shown that atmospheric carbon
dioxide (CO2) concentration increases affect crop yield and plant physiology (such as
photosynthesis and pigment production) with larger effects on C3 species (soybeans, cotton and
wheat) relative to C4 species (corn and sorghum) (Attavanich and McCarl 2014; Ziska 2016).
Furtehrmore, extreme climate events impact crop yields with effects varying seasonally, spatially
and by crop (Carlson, Todey and Taylor 1996; Lobell et al. 2013; Troy et al. 2015). These studies
have shown that climate change affects the feed and forage consumed by livestock, but to what
extent livestock production is influenced has not been separately investigated.

Regarding livestock species, climate change related research has an emphasis on ruminants and
monogastric livestock such as pigs and poultry get much less consideration (Escarcha, Lassa and
Zander 2018). Cheng et al. (2022) reviewed 159 publications on livestock and climate change
subjects and 55% of them focused on ruminants, and cattle is the most studied species (30% of
total publications). One of the reasons might be that ruminant livestock is generally more
dependent on the environment in which they live for feed and receive impacts directly from the
climatic variations, while animals raised by an intensive production system are thought to be less
vulnerable to climate. Following the studies on beef, cattle and dairy production (e.g. Collier and

Zimbelman 2007; Key and Sneeringer 2014), we extended the climate change impact research to



hog and chicken (Cheng 2022) and found that their production and reproduction performance are
also susceptible to climate change even if they are kept in the confined livestock buildings. This
indicates that the total impact of climate change on the livestock production could be greater than
people used to believe, which means our research needs to be moved beyond the scope of a single
species to properly estimate the climate change impacts.

Moreover, although some efforts have been made to examine the climate change impacts on the
U.S. livestock sector (e.g., St-Pierre, Cobanov and Schnitkey (2003)), existing studies barely
consider the feed cost and other production inputs in the analysis. For example, in the southern
U.S. where the climate is projected to be hotter and drier in the future (Masson-Delmotte et al.
2021), the yield of forage and hays may decrease, which in turn may lead to an increase in the
potential land use/cost by a certain amount of pasture animals. Also, as the crop planting area
moves northward and eastward to cooler areas to cope with climate change (Fei, McCarl and
Thayer 2017), the direct feed cost and the transportation cost of feed would rise and result in an
elevation of the total input cost in the livestock sector. We failed to find quantitative studies that
thoroughly investigated the integrated impact of climate change with inclusion of the relationship
between livestock and crops. Herein our study aims to fill this knowledge gap.

In response to the direct and indirect impacts of climate change on livestock performance and
operation costs, adaptative reactions have already taken place. For example, Zhang et al. (2013)
found that the intensity of summer heat stress can lead to significant changes in the spatial
distribution of cattle breed mix in Texas. Other studies also suggest changes in livestock breed mix
(Hayes, Lewin and Goddard 2013; Barendse 2017) and location (Wang and McCarl 2021) as
adaptation strategies to climate change. However, climate impacts vary by species and regions,

and there still remain significant uncertainties as to future climate (Godde et al. 2021). Therefore



the adaptation measures are expected to account for a wide range of potential scenarios and it is
our intention to investigate the optimal adaptation strategies under different climate change

contexts.

3. Methods and Data

This study examines the economic impacts of climate change across the major us livestock types:
beef and dairy cattle, hogs, and chickens, along with considering the effects on grazing lands and
feed supplies. To do this, we pursue a three-pronged study which is shown in Figure 2. First, we
estimate econometric models for animal production and performance for several previously
overlooked livestock and crop yield cases plus extend estimations done in other studies. Second,
we use our estimated coefficients to project climate change impacts on these measures. Finally we
use an agricultural sector model to simulate the impacts of projected climate change on the U.S.
agricultural sector with and without considering the effects on livestock yield changes. We then

examine how big the difference will be if we include livestock implications into the analysis.
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Figure 2: Climate change impacts on U.S. livestock sector modelling approach

3.1 Estimation

Numerous studies have estimated climate change impacts on agricultural production (Adams et al.
1990; Klein et al. 2014). To do that either crop simulation (Fei et al. 2017) or econometric models
(Mérel and Gammans 2021) are commonly used when studying crop yield consequences. Since
we do not have access to applicable simulation models for livestock, we will pursue econometrics
based estimations using panel state level data with the finest time scale available. We will take
results from fixed effects panel econometrics model estimations for the climate change impacts on
hog and chicken performance, including hog slaughter weight, piglet litter size, piglet survival rate,
broiler slaughter weight, rate of lay, and broiler survival rate obtained by Cheng (2022). For other

livestock species, we will use estimation results from existing studies. Specifically, feedlot beef



production by Yu (2014), milk production by Fan (2018), cattle calving rates and calf death loss
by Wang (2020). In these estimations, temperature, relative humidity, temperature and humidity
index (THI) (Ekine-Dzivenu et al. 2020) are considered the key explanatory variables as the heat
stress is the major threat to livestock performance.

3.2 Projections

To project climate implications on livestock performance, we evaluate the estimated impacts from
previous stage over climate scenarios. We will use scenarios from the from the Climate Model
Intercomparison Project 6 (CMIP6) collection of results from General Circulation Models (GCMs)
that reflect alternative future emission Representative Concentration Pathways (RCPs) scenarios.
RCPs are prescribed pathways for greenhouse gas and aerosol concentration trajectory used to
describe different climate futures (Intergovernmental Panel on Climate Change 2014) and in this
study we consider RCP4.5, the most probable baseline scenario which results in about 1.8 °C
temperature change by 2100 and RCP 8.5, the worst climate change scenario projected which
predicts an increase of 3.7 °C in temperature (Pachauri et al. 2014). Climate projections out to
2100 were obtained for six GCMs: CanESM2, CCSM4, GFDL-CM3, GISS-E2-R, HadGEM2-ES,
and MIROCS. The temperature, relative humidity and precipitation outputs from those GCMs
were statistically downscaled for the continental United States (CONUS) using the Localized
Constructed Analogs (LOCA) approach (Pierce, Cayan and Thrasher 2014). We will evaluate the
climate change impacts to derive future percentage change estimates of the consequent effects on
livestock yields.

3.3 Simulation

The agricultural component of the Forestry and Agricultural Sector Optimization Model (FASOM)

is employed to simulate climate change implications on agricultural sector including and excluding



livestock implications. FASOM is a dynamic, nonlinear and price endogenous programming
model for the forest and agricultural sectors in the United States. Economically FASOM simulates
a perfectly competitive agricultural market in equilibrium by maximizing the total social welfare
subject to resource constraints (Adams et al. 2005). The objective of this model is to maximize the
integral of the area under commaodity specific demand curves less that under import supply and
factor supply curves as discussed in McCarl and Spreen (1980). When solved it yields a simulation
of a perfectly competitive land allocation among crops, grasslands and livestock plus results on
crop and livestock mix, total production, processing activity, bioenergy production, exports,
domestic consumption and commaodity prices (Fei et al. 2017).

In this study, we embedded the projected percentage change of livestock production as exogenous
shocks into FASOM following Fei, McCarl, Thayer (2017) and Fei et al. (2021). The projection
results will be discussed in section 3.5. Livestock feed usage is then adjusted by livestock finishing
weight changes. And climate change projections for crops based on recent efforts (Fei et al. 2021)
is also integrated into the model. Running the sector model with and without including livestock
sensitivity yields results on what considerations on livestock does in terms of altering impacts on
crop and livestock production, animal feeding, land allocation, commodity consumption, exports,

imports, market prices and welfare.

3.4 Scenario setup

A set of comparison scenarios with and without the impact of climate change on livestock based
on Fei et al. (2021) will also be made to investigate the indirect impact of climate change on the
livestock sector. To be more specific, we include the following three scenario setups:

Baseline: The baseline scenario is used to describe a current situation where no climate change or

other additional settings are included. Results from other scenarios will be compared with the
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baseline in order to obtain the response of different settings. Here we use 2019 as the baseline year
(referred to as “2020” since FASOM operates on a 5-year time step), which at the time of the
analysis was the most recent year for which full data on yield, land allocations, total production,
and commodity prices were available from USDA Annual Agricultural Statistics. Following Fei
etal. (2021), projections for population, demand, GDP and international trade will also be included.

Climate change scenario with the inclusion of livestock sector: This scenario will be referred to as

“general climate change scenario” in the following discussions. Based on the baseline scenario,
we incorporate the projected climate change impacts under 12 alternative cases (combination of 6
GCMs and 2 RCPs) up till the end of this century. For the convenience of discussion, we will
present our results using “degree arrival” instead of GCM and RCP combinations to describe the
level of climate change. For example, 3 °C arrival refers to the case where global average
temperature increases by 3 °C since 1900. Higher degree arrival indicates worse climate change
situation.

Climate change scenario without the inclusion of livestock sector: In this setup we keep most of

the settings in general climate change scenario, except that we do not include livestock sensitivity
yields. By comparing the results from this scenario to the general climate change scenario, we
could obtain the overall climate change impacts on livestock sector.

3.5 Projected percentage change in production

The percentage changes of livestock production obtained from the projection process are included
in the simulation model as exogenous input. We consider production changes for a large variety
of livestock, including beef cow, dairy cow, hogs for slaughter, feeder pigs, cull sows, slaughter
lambs, ewes, broilers, turkeys and etc. Using 2020 as baseline year, projections for livestock

products from these animals are obtained for different GCM and RCP scenarios as described in
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methodology section, ranging from 2021 to the end of this century. And in the projection we use
21 years rolling window estimation to reduce the fluctuation and outliers caused by GCM
projections. Figure 3 presents the percentage change in several major types of production
comparing averaged 2080 to 2100 projections with baseline, the results are averaged over all GCM
and RCP scenarios.

The U.S. poultry industry is the world’s largest producer, and the domestic consumption of poultry
meat is considerably higher than beef or pork (US Department of Agriculture, Economic Research
Service 2022). In 2020, the combined value of production from broilers, eggs, turkeys was $35.5
billion, with most of the production concentrated in southeastern states. By the end of this century,
broiler and egg production are projected to be slightly increased (less than 1% in most states)
compared to current level. And the magnitude of increase in southern regions would be smaller
than the north although the difference is not remarkable.

The change in cattle production varies by region and product types. Fed beef production is
projected to decrease by 2% to 3.2% across the entire nation, with the largest decrease in Arizona
and New Mexico. Milk production will have a slight decrease in the south and a 1% to 3% increase
in the northern area, with the largest gain in the northwest area.

Hog production shows an overall decrease in projection and the southern states will have larger
loss compared to northern ones. The largest decrease in hog production is projected to occur in
south and east Texas, together with Louisiana and Florida. The production reduction of those
traditional major producers of hogs, such as lowa and Minnesota, is relatively small. One possible
explanation is that the climate change impact is smaller in the north, another one is that large
operations that specialized in a single phase of production performs better in terms of adapt to the

climate challenge.

12



Percentage Change
)

| EREN

B os-00

010

i
B o210

g _, Fed Beef ) - Malk

%)
-

| EECEETH
B oo a0 3
— - Feeder Pigs B 40~ Hogs for Slaughter

170 -9

Figure 3: Projected end-of-century yield changes averaged over 6 GCM and 2 RCP
scenarios (relative change between 2020 and 2080-2100). Color green indicates a positive
change (increase) in production, and color red represents a negative change (decrease),
darker color suggests the change is larger in magnitude.
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4. Results

In the temperature arrival climate change analysis, several results are compared to the 2020 no-
climate-change case. The difference between with and without climate change cases yields the
associated impacts of climate change on each category. We will present the effects under each
GCM at each degree arrival date for total welfare, as well as price and quantity changes for major

commodities.

4.1 Welfare distribution

In Figure 4, we present the changes in welfare distribution averaged across all climate model
results at each integer warming level. Specifically, four types of welfare are reported: 1) U.S.
domestic consumers, 2) U.S. domestic producers, 3) the sum of welfare for international
consumers and producers, 4) the aggregation of the previous three types. Results are shown in
billions of 2019 USD.

For the U.S. domestic consumers’ welfare, we found a maximum gain of $1.6B at 3 °C and a

minimum loss of $17.2B at 6 °C. Given the price and quantity indices, the decrease in consumers’

welfare is probably caused by the reduction in livestock production and increased livestock prices.
The results for domestic producers’ surplus show the opposite sign compared to the consumers’
case. The maximum producer surplus is $15.1B at 6 °C where consumers’ welfare reaches its
lowest. For the international consumers and producers, the combined welfare increases up to $5.7B
at 5 °C and decreases slightly to $5.4B at 6 °C. The aggregated welfare across all these parties
shows an elevating gain from $0.5B at 3 °C to $9.8B at 5 °C, largely because of the producer’s
surplus gain exceeding consumers’ loss. But at 6 °C where consumers are facing the most

considerable loss, total welfare gain drops to $3.2B.
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Welfare Effects Results for GCM Ensemble in 2020 Economy Model by
Party in Billion 2020 $
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Figure 4: Average annual ensemble welfare distributional effects at different arrival degrees
under the 2020 base economy (results in billions of 2020 USD).

4.2 Price and quantity indices

The effects of climate change on average changes in price and quantity for a variety of
commaodities were computed using Fisher Ideal Index (Figure 5 and Figure 6). For the overall farm
production including major crops and livestock products, the price index decreased by 4.7% at 3 °C
compared to the 2020 levels and then increases over 2020 level by 0.6% at 6 °C. The quantity
index for all farm productions rises by 5.8% at 3 °C then drops to 3.4% above the 2020 level.

For crops, we consider cereal and soybean complex, together with cotton and other crops. The
largest drop in price indices amongst all crops appears in cotton (with the highest being 48%) at
six-degree warming, which is probably driven by the significant increase in cotton production
(with the highest being 79%). Price indices for corn and soybeans decrease a little bit while the
decreases in price indices for winter wheat and durum wheat are larger, which might be because

of the increase in wheat production driven by favor of climate change in the northern area.
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For livestock, the price index for all livestock in general first decreases at the three-degree-
warming level but then increases and reaches the highest increase of 11% at six-degree. The
production indices for major livestock products are decreasing as the warming level gets higher,
which indicates the negative impacts of climate change on livestock production. This might be one
of the drivers for the increasing price indices. A negative relationship can be found between price
and quantity indices, which is consistent with the economic intuition that as price goes up, the

demand decreases but supply increases.

Price Index Results for GCM Ensemble in 2020 Economy Model by Arrival
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Figure 5: Average annual ensemble price index results at different arrival degrees under
the 2020 base economy
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Quantity Index Results for GCM Ensemble in 2020 Economy Model by
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Figure 6: Average annual ensemble quantity index results at different arrival degrees under
the 2020 base economy

5. Discussion

Climate change effects on agriculture have been investigated by many researchers, but the
aggregate effects of considering climate change influences on the livestock sector has not been
addressed. In this study we present new findings regarding climate change impacts on both
livestock production and associated welfare and sectoral level resource allocation. We found that
climate change impacts on livestock are more influential in the southern area, where livestock
production decrease is projected to be larger. As a consequence of decreased production and
increasing price of livestock products, consumer surplus will have a significant decrease when
climate change arrives at the six-degree-warming level, and producer surplus will change in the
opposite direction. The total domestic welfare (consumer surplus loss plus producer surplus gain)

loss under the 6 °C warming scenario is $2.1 billion.
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The limitation of this research is that it is difficult to accurately predict future economic and market
change and the projected results are subject to the settings of future socio-economic conditions.
Our model is based on the 2019 economy and this economic condition is assumed to be fixed in
analyzing future scenarios. By doing this we could investigate the climate change effects alone.
However, in our 100-year time range for the analysis, there are expected to be changes in the
economy structure, which may alter the final results. The current counterfactual assumption could
be improved by using different baseline year or conducting sensitivity analysis to incorporate more
detailed settings for the model components. For future research, the inclusion of other crops and
livestock that are relatively minor in production could be a useful extension. The incorporation of
these minor species may help explore more adaptation possibilities. Further work could be done
to investigate the welfare distribution over different income groups, which may help address the

inequality issue caused by climate change.

18



Reference

Adams, D.M., R.J. Alig, B.A. McCarl, and B.C. Murray. 2005. “FASOMGHG Conceptual
Structure, and Specification: Documentation.” Available at:
http://agecon2.tamu.edu/people/faculty/mccarl-bruce/papers/1212FASOMGHG_doc.pdf
[Accessed March 8, 2017].

Adams, R.M., C. Rosenzweig, R. Peart, J.C. Ritchie, B.A. McCarl, J.D. Glyer, R.B. Curry, J.W.
Jones, K.J. Boote, and L.H. Allen. 1990. “Global climate change and US agriculture.” Nature
345:219-224.

Attavanich, W., and B.A. McCarl. 2014. “How is CO2 affecting yields and technological
progress? A statistical analysis.” Climatic Change 124(4):747-762.

Ayo, J.0., J.A. Obidi, and P.I. Rekwot. 2011. “Effects of Heat Stress on the Well-Being,
Fertility, and Hatchability of Chickens in the Northern Guinea Savannah Zone of Nigeria: A
Review.” ISRN Veterinary Science 2011:1-10.

Bagath, M., G. Krishnan, C. Devaraj, V.P. Rashamol, P. Pragna, A.M. Lees, and V. Sejian. 2019.
“The impact of heat stress on the immune system in dairy cattle: A review.” Research in
Veterinary Science 126:94-102.

Barendse, W. 2017. “Climate adaptation of tropical cattle.” Annual review of animal biosciences
5:133-150.

Bishop-Williams, K.E., O. Berke, D.L. Pearl, K. Hand, and D.F. Kelton. 2015. “Heat stress
related dairy cow mortality during heat waves and control periods in rural Southern Ontario from
2010-2012.” BMC Veterinary Research 11(1):291.

Brown-Brandl, T.M. 2018. “Understanding heat stress in beef cattle.” Revista Brasileira de
Zootecnia 47.

Carlson, R.E., D.P. Todey, and S.E. Taylor. 1996. “Midwestern Corn Yield and Weather in
Relation to Extremes of the Southern Oscillation.” Journal of Production Agriculture 9(3):347—
352.

Chen, C.C., and B.A. McCarl. 2001. “An Investigation of the Relationship between Pesticide
Usage and Climate Change.” Climatic Change 50(4):475-487.

Cheng, M. 2022. Three essays on the U.S. Agriculture under Climate Change: A Crop-Livestock
Framework. In process PhD Thesis. College Station, TX: Texas A&M University.

Cheng, M., B.A. McCarl, and C.J. Fei. 2022. “Climate Change and Livestock Production: A
Literature Review.” Atmosphere 13(1):140.

Cheng, M., B.A. McCarl, and C.J. Fei. 2021. “Climate Change Effects on the U.S. Hog
production.” Available at: https://ageconsearch.umn.edu/record/313966?In=en.

19



Collier, R.. J., L.H. Baumgard, R.B. Zimbelman, and Y. Xiao. 2019. “Heat stress: physiology of
acclimation and adaptation.” Animal Frontiers 9(1):12-109.

Collier, R.J., and R.B. Zimbelman. 2007. “Heat stress effects on cattle: What we know and what
we don’t know.” In 22nd Annual Southwest Nutrition & Management Conference. pp. 76-83.

Ekine-Dzivenu, C.C., R. Mrode, E. Oyieng, D. Komwihangilo, E. Lyatuu, G. Msuta, J.M.K.
Ojango, and A.M. Okeyo. 2020. “Evaluating the impact of heat stress as measured by
temperature-humidity index (THI) on test-day milk yield of small holder dairy cattle in a sub-
Sahara African climate.” Livestock Science 242:104314.

Escarcha, J., J. Lassa, and K. Zander. 2018. “Livestock under climate change: a systematic
review of impacts and adaptation.” Climate 6(3):54.

Fan, X.X. 2018. An Integrated Analysis of Federal Milk Marketing Order Price Differential
Policy and Climate Change Effects in Dairy Industry. PhD Thesis, Texas A&M University.

Fei, C.J., J. Jagermeyr, B.A. McCarl, E. Mencos, M. Phillips, A. Ruane, P. Schultz, and A.
Vargo. 2021. “Climate Change Impacts on U.S. Agriculture.”

Fei, C.J., B.A. McCarl, and A.W. Thayer. 2017. “Estimating the Impacts of Climate Change and
Potential Adaptation Strategies on Cereal Grains in the United States.” Frontiers in Ecology and
Evolution 5:62.

Godde, C.M., D. Mason-D’Croz, D.E. Mayberry, P.K. Thornton, and M.T. Herrero. 2021.
“Impacts of climate change on the livestock food supply chain; a review of the evidence.” Global
food security 28:100488.

Hatfield, J.L., and C. Dold. 2019. “Water-Use Efficiency: Advances and Challenges in a
Changing Climate.” Frontiers in Plant Science 10. Available at:
https://www.frontiersin.org/articles/10.3389/fpls.2019.00103/full [Accessed November 8, 2020].

Hayes, B.J., H.A. Lewin, and M.E. Goddard. 2013. “The future of livestock breeding: genomic
selection for efficiency, reduced emissions intensity, and adaptation.” Trends in Genetics
29(4):206-214.

Hristov, A.N., A.T. Degaetano, C.A. Rotz, E. Hoberg, R.H. Skinner, T. Felix, H. Li, P.H.
Patterson, G. Roth, M. Hall, and T.L. Ott. 2018. “Climate change effects on livestock in the
Northeast US and strategies for adaptation.” Climatic Change 146(1-2):33-45.

Intergovernmental Panel on Climate Change. 2014. Climate Change 2014: Impacts, Adaptation,
and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group 11 to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change C. B. Field, V. R.
Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea, T. E. Bilir, M. Chatterjee, K. L. Ebi, Y. O.
Estrada, R. C. Genova, B. Girma, E. S. Kissel, A. N. Levy, S. MacCracken, P. R. Mastrandrea,
and L. L. White, eds. Cambridge, United Kingdom and New York, NY, USA: Cambridge
University Press.

20



Key, N., and S. Sneeringer. 2014. “Potential effects of climate change on the productivity of US
dairies.” American Journal of Agricultural Economics 96(4):1136-1156.

Klein, R.J.T., G.F. Midgley, B.L. Preston, M. Alam, F.G.H. Berkhout, K. Dow, and M.R. Shaw.
2014. “Adaptation opportunities, constraints, and limits.” In IPCC, ed. Climate Change 2014:
Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of
Working Group Il to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. New York, Cambridge: Cambridge University Press, p. 4.

Krausmann, F., K.H. Erb, S. Gingrich, C. Lauk, and H. Haberl. 2008. “Global patterns of
socioeconomic biomass flows in the year 2000: A comprehensive assessment of supply,
consumption and constraints.” Ecological Economics 65(3):471-487.

Kukal, M.S., and S. Irmak. 2018. “Climate-Driven Crop Yield and Yield Variability and Climate
Change Impacts on the U.S. Great Plains Agricultural Production.” Scientific Reports 8(1):3450.

Leng, G., and M. Huang. 2017. “Crop yield response to climate change varies with crop spatial
distribution pattern.” Scientific Reports 7(1):1463.

Lobell, D.B., G.L. Hammer, G. McLean, C. Messina, M.J. Roberts, and W. Schlenker. 2013.
“The critical role of extreme heat for maize production in the United States.” Nature Climate
Change 3:497-501.

Masson-Delmotte, V., P. Zhai, P. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L.
Goldfarb, M.I. Gomis, R. Matthews, M. Huang, K. Leitzell, T.K. Maycock, E. Lonnoy, J.B.R.
Matthews, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou. 2021. IPCC, 2021: Climate Change
2021: The Physical Science Basis. Contribution of Working Group | to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change In Press. Cambridge University Press.

McCarl, B.A., and T.H. Spreen. 1980. “Price endogenous mathematical programming as a tool
for sector analysis.” American Journal of Agricultural Economics 62:87-102.

McCarl, B.A., X. Villavicencio, and X.M. Wu. 2008. “Climate Change and Future Analysis: Is
Stationarity Dying?” American Journal of Agricultural Economics 90(5):1241-1247.

Mérel, P., and M. Gammans. 2021. “Climate Econometrics: Can the Panel Approach Account
for Long-Run Adaptation?” American Journal of Agricultural Economics 103(4):1207-1238.

Pachauri, R.K., M.R. Allen, V.R. Barros, J. Broome, W. Cramer, R. Christ, J.A. Church, L.E.
Clarke, Q. Dahe, P. Dasgupta, N.K. Dubash, O. Edenhofer, I. Elgizouli, C.B. Field, P. Forster, P.
Friedlingstein, J. Fuglestvedt, L. Gomez-Echeverri, S. Hallegatte, G. Hegerl, S.M. Howden, K.
Jiang, B. Jimenez Cisneroz, V. Kattsov, H. Lee, K.J. Mach, J. Marotzke, M.D. Mastrandrea, L.
Meyer, J. Minx, Y. Mulugetta, K. O’Brien, M. Oppenheimer, J.J. Pereira, R. Pichs-Madruga,
G.K. Plattner, H.O. Portner, S.B. Power, B. Preston, N.H. Ravindranath, A. Reisinger, K. Riahi,
M. Rusticucci, R.J. Scholes, K. Seyboth, Y. Sokona, R.N. Stavins, T.F. Stocker, P. Tschakert, D.
van Vuuren, and J.P. van Ypserle. 2014. Climate Change 2014: Synthesis Report. Contribution
of Working Groups I, 1l and 11 to the Fifth Assessment Report of the Intergovernmental Panel on

21



Climate Change R. K. Pachauri and L. Meyer, eds. Geneva, Switzerland: IPCC. Available at:
https://epic.awi.de/37530/ [Accessed November 27, 2017].

Pierce, D.W., D.R. Cayan, and B.L. Thrasher. 2014. “Statistical downscaling using localized
constructed analogs (LOCA).” Journal of Hydrometeorology 15(6):2558-2585.

Polley, H.W., D.D. Briske, J.A. Morgan, K. Wolter, D.W. Bailey, and J.R. Brown. 2013.
“Climate change and North American rangelands: trends, projections, and implications.”
Rangeland Ecology and Management 66:493-511.

Rashamol, V.P., V. Sejian, M. Bagath, G. Krishnan, P.R. Archana, and R. Bhatta. 2020.
“Physiological adaptability of livestock to heat stress: an updated review.” Journal of Animal
Behaviour and Biometeorol 6:62—71.

Reilly, J.M., F.N. Tubiello, B.A. McCarl, D.G. Abler, R. Darwin, K.O. Fuglie, S. Hollinger, R.C.
Izaurralde, S. Jagtap, J.W. Jones, L.O. Mearns, D.S. Ojima, E.A. Paul, K.H. Paustian, S. Riha,
N.J. Rosenberg, and C. Rosenzweig. 2003. “U.S. Agriculture and Climate Change: New
Results.” Climatic Change 57(1-2):43-67.

Rojas-Downing, M.M., A.P. Nejadhashemi, T. Harrigan, and S.A. Woznicki. 2017. “Climate
change and livestock: Impacts, adaptation, and mitigation.” Climate Risk Management 16:145—
163.

Rust, J.M. 2019. “The impact of climate change on extensive and intensive livestock production
systems.” Animal Frontiers 9(1):20-25.

Schlenker, W., and M.J. Roberts. 2009. “Nonlinear temperature effects indicate severe damages
to U.S. crop yields under climate change.” Proceedings of the National Academy of Sciences
106(37):15594-15598.

St-Pierre, N.R., B. Cobanov, and G. Schnitkey. 2003. “Economic losses from heat stress by US
livestock industries.” Journal of Dairy Science 86:E52-E77.

Thornton, P.K., G. Nelson, D. Mayberry, and M. Herrero. 2021. “Increases in extreme heat stress
in domesticated livestock species during the twenty-first century.” Global Change Biology
27(22):5762-5772.

Thornton, P.K., J. Van de Steeg, A. Notenbaert, and M.T. Herrero. 2009. “The impacts of
climate change on livestock and livestock systems in developing countries: A review of what we
know and what we need to know.” Agricultural Systems 101(3):113-127.

Troy, T.J., C. Kipgen, and 1. Pal. 2015. “The impact of climate extremes and irrigation on US
crop yields.” Environmental Research Letters 10(5):054013.

US Department of Agriculture, Economic Research Service. 2022. “Animal Products.” Available
at: https://www.ers.usda.gov/topics/animal-products/.

22



US Department of Agriculture, Natioanl Agricultural Statistics Service. 2021. “Meat Animals
Production, Disposition, and Income Annual Summary.” Available at:
https://usda.library.cornell.edu/concern/publications/02870v85d.

Wang, M. 2020. Three essays on economic and environmental analysis of climate change
adaptation and mitigation in the US agricultural sector. College Station, TX, US: Texas A&M
University.

Wang, M.L., and B.A. McCarl. 2021. “Impacts of Climate Change on Livestock Location in the
US: A Statistical Analysis.” Land 10(11):1260.

West, J.W. 1999. “Nutritional strategies for managing the heat-stressed dairy cow.” Journal of
Animal Science 77 Suppl 2:21-35.

Yu, C.H. 2014. Case Studies on the Effects of Climate Change on Water, Livestock and
Hurricanes. PhD Dissertation. Texas A&M University.

Zhang, Y.W., A.D. Hagerman, and B.A. McCarl. 2013. “Influence of Climate Factors on Spatial
Distribution of Texas Cattle Breeds.” Climatic Change 118(2):183-195.

Ziska, L.H. 2016. “The role of climate change and increasing atmospheric carbon dioxide on
weed management: Herbicide efficacy.” Agriculture, Ecosystems and Environment 231:304—
309.

23



